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Abstract

The controlled polymerization of polar vinyl monomers like acrylic and methacrylic esters is often complicated
owing to their chemical structures. As (meth)acrylate polymers are a class of technologically important and useful
materials, a great amount of attention has been focused on the polymerization of these monomers is a controlled
fashion to give materials with well defined structures and desired properties. This review summarizes recent work
on ligated anionic polymerizations of (meth)acrylate estér&999 Elsevier Science Ltd. All rights reserved.
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Nomenclature
BuMA: butyl methacrylate
t-BuMA: tert-butyl methacrylate
GMA: 2,3-epoxypropyl methacrylate
DMAEMA: 2-dimethylaminoethyl methacrylate
EtA: ethyl acrylate
BuA: butyl acrylate
t-BUA: tert-butyl acrylate
EtHA: 2-ethylhexyl acrylate
But: buta-1,3-diene
BIK: butyl isopropenyl ketone
tBIK: tert-butyl isopropenyl ketone
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BuLi: butyllithium

s-BuLi: secbutyllithium

t-BuLi: tert-butyllihium

MIB-Li(Na): methyl 2-lithio(sodio)isobutyrate

tBIB-Li: tert-butyl 2-lithioisobutyrate

EIB-Li(K): ethyl 2-lithio(potassio)isobutyrate
tBPr-Na(Li): tert-butyl 2-sodio(lithio)propionate
tBLTMG: di-tert-butyl 2-lithio-2,2,4-trimethyl glutarate
MLTMG: di-methyl 2-lithio-2,2,4-trimethyl glutarate
t-BuOLi(Na,K): Li(Na,K)-tert-butoxide

3-MPeOLi: Li 3-methyl-3-pentoxide

MEEOLI: Li-2-(2-methoxyethoxy) ethoxide

aMeSt: a-methylstyrene

DPHLI(K): 1,1-diphenylhexyllithium(potassium)
DPMLi: (diphenylmethyl)lithium

DPMPLi: 1,1-diphenyl-3-methylpentyllithium
TPDLB: 1,1,4,4-tetraphenyl-1,4-dilithiobutane

1. Introduction

Now being one of the new and modern fields of polymer chemistry, ordered polymer systems find a
number of important practical applications. Block copolymers, in particular, show special properties
utilizable in many cases, e.g. as compatibilizers in polymer blends [1] or hydrophilic/hydrophobic
copolymers applicable to steric stabilization of dispersions [2]. As only well defined macromolecules
exhibit required properties, a significant amount of interest is devoted to methods of controlled synthesis
of polymers. For this purpose, ionic processes, in particular anionic polymerization, with a more or less
living character of active species are commonly used [3]. Block copolymers composed of styrene and
diene blocks can be relatively simply prepared in this way and some of them are commercially available
(e.g. Kratons, Shell Co.). Polystyrene or polydienes can also be functionalized by termination of the
living polymer with an appropriate agent [4,5] giving the product with terminal, e.g. carboxy or hydroxy
groups.

On the contrary, the controlled polymerization of polar vinyl monomers, such as acrylic and
methacrylic esters is much more complicated owing to their chemical structures. As the (meth)acrylate
polymers offer a wide scale of useful materials [6] a great amount of attention has been devoted to the
polymerization of these monomers in a controlled manner producing tailor-made poly((meth)acrylate)s
with well-defined structures and predetermined properties.

This review reports briefly on the ligated anionic polymerization of methacrylate esters which is one
of the methods for their more or less controlled polymerization.

1.1. Side reactions in the polymerization process

In principle, the conjugated unsaturated systenCSC=0 of the (meth)acrylate molecule can react
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with the ion-pair of the organometallic initiator (RVl ) or a living chain-end in several ways [7,8], see
Scheme 1.

In the methacrylate polymerization, 1,2-addition onto the carbonyl double bond leads, after splitting
off an alkoxide, to the reactive alkyl isopropenyl ketone, with possible addition of the second initiator
molecule giving a tertiary alcohol. 1,4- and 3,4-additions, being formally possible, give enol or keto-
forms of active centres of polymerization, which have an enolate structure [9] (see below).

Side reactions in the initiation step of the polymerization have been studied in a number of works
[7,8,10-12]. By NMR analysis, BIK was detected in PMMAs prepared with BuLi the content of which
depends on polymerization medium. In contrast to Badiit-butyl magnesium bromide with a bulky
alkylgroup reacts in toluene at low temperatures with monomer in a 1,4- or 3,4-fashion, giving poly-
(methacrylate)s with narrov MWDs and extremely high contents of isotactic [13,14] microstructure.
Polymerization initiated by the combinatis«BuLi/R;Al gives in toluene highly syndiotactic polymer
[15]. Neither of the stereospecific polymers contains ketone units and they have the same chemical
structure. Therefore, both of these polymerizations are initiated withBue carbanion and initiation
proceeds without the side reactions mentioned above. The initiating systems were successfully used fo
polymerization of a number of acrylic-type monomers [16].

In termination reactions, the ion-pair of the growing chain-end reacts similarly to the initiator with a
carbonyl group either of the monomer or polymer yielding the chain terminated with the isopropenyl
ketone group in the first case or branched polymer in the latter. These terminations are of minor
importance. The most important termination reaction of the growing polymer is the condensation
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reaction of the living chain-end with the carbonyl group of the antepenultimate unit of the own chain
(“back-biting reaction”) forming in the first step a “dormant” cyclic complex and in the second step,
after the splitting off an alkoxide, inactive cyclic oxo ester [17] (Scheme 2). In acrylate polymeriza-
tion, the cyclic product exists predominantly in an enolized form containing conjugated unsaturated
system GC—C=0 [18] (Scheme 3). The enoclized oxo ester absorbs in UV region (260 nm); this can
be utilized for assessment of the extent of back-biting reaction, e.g. in SEC analysis with a UV
detection [19].

1.2. Other methods for (meth)acrylate polymerization

It is worth noting some of polymerization methods which have been developed recently as a conse-
guence of an effort devoted to controlled polymerization of (meth)acrylate monomers. Nevertheless,
they are not the subject of this article, so that they are mentioned very briefly.

Most important of these processes is group transfer polymerization (GTP) discovered by DuPont
scientists [20] which is, in principle, a repeated Michael reaction of activated silyl ketene acetal with
(meth)acrylate monomer. The reaction is initiated by 1-methoxy-1-(trimethylsiloxy)-2-methylpropene
(MTS) and catalyzed either by nucleophilic or by electrophilic compounds. The former are convenient
for polymerization of methacrylates [21—24], while the latter gives better results in the polymerization of
acrylic esters [25], which complicates preparation of methacrylate/acrylate block copolymers [26,27].
The GTP is preferred for the synthesis of methacrylate block copolymers [22,28], macromonomers
[25] and functionalized poly(methacrylate)s [29]. The process is hardly compatible with a controlled
polymerization of non-polar vinyl monomers, so that the preparation of, e.g. styrene/MMA diblock
polymer is rather complicated [30]. GTP of acrylates catalyzed by an electrophile gives often non-
homogenous products [31] or polymers with broadened MWD and, especially at ambient temperatures,
the process loses its living character [32]. Good results were obtained jrchlglyzed GTP of BuA
[33,34]. The mechanism of GTP is not completely clear and has been the subject of discussions [29,35—
39].

A favourable effect of a bulky counterion was utilized in the metal-free polymerization (MFP) of
acrylic esters initiated by tetraalkylammonium thiolates [40] or, better, by carbanion salts derived, for
instance, from dialkylmalonates [41], mostly at room temperature. The method is limited to rather low-
molecular-weight products, however, using specially synthesized initiatdtsmctionalized polyacry-
lates can be easily prepared [42—-44]. An overview of various types of initiators for the preparation of
functionalized polymers by MFP and GTP is given in the literature [45].

Another promising way to controlled poly((meth)acrylate)s is a polymerization initiated by
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metaloporphyrine derivatives [46]. A number of initiators have been designed; some of them
require activation by visible light [47] (the process is very slow in the dark), others polymerize
monomer rapidly without irradiation [48]. The reaction rate can be enhanced by the addition of
sterically hindered Lewis acids [49-51] (“high-speed” living polymerization) the active centres

remaining living for a long time [52]. Being virtually free of side reactions, the process offers

poly(methacrylate)s with high molecular weights [53] and narrow MWDs. As some of the systems
initiate ring-opening polymerization, a number of block copolymers of vinyl and heterocyclic monomers
[54] can also be prepared.

Similarly, polymerization initiated with rare earth metal initiators, mostly of the lanthanocene type
[55], affords at OC in toluene poly((meth)acrylate)s with very narrow MWDs in quantitative yields
without perceptible participation of side reactions [56—58]. The metals (La, Sm, Y, etc.) are in an
oxidation state Il or lll. Owing to a very low extent of self-termination, the initiators are well applicable
to the synthesis of block copolymers composed of methacrylate and acrylate blocks [59]. Moreover,
organolanthanides initiate the ring opening polymerization of lactones [60] and some of them are also
useful for the polymerization of non-polar vinyl monomers [61] (ethylene) so that the systems are
applicable to the synthesis of a wide spectrum of block copolymers [62].

1.3. Stabilizer-assisted anionic polymerization - general approach

The methods mentioned in Section 1.2 allow more or less “living” polymerization of (meth)acrylate
monomers to products with tailored structures including block copolymers. However, they are hardly
compatible with the anionic polymerization of non-polar vinyl monomers (e.g. styrene) lacking carbo-
nyl-conjugated groups which can be polymerized only by strong nucleophiles. Highly basic carbanions
complicate (meth)acrylate polymerization (see Section 1.1) so that an idea arose to modify the nucleo-
philic character of the organometallic initiator or living polymer (polystyrene, polydiene) and minimize
in this way the extent of side reactions. The basic strategy followed here was to depress the reactivity of a
living chain-end toward the carbonyl group of (meth)acrylate and thecatigdrogen in acrylate. This
can be performed by tailoring the environment of the propagating chain-end by electronically well-
balanced ligands which cause steric hindrance and, at the same time, lower the nucleophility of the
growing carbanion remaining reactive enough to add another monomer molecule or reagent. At present
the following stabilizing additives (ligands) are mainly used for (meth)acrylate polymerization: (i) alkali
metal tert-alkoxides (the oldest-type ligand); (ii) alkali metal halides (prevailingly LiCl); (iii) alkali
metal polydentate alkoxides (dual ligands); and (iv) alkylaluminiums.
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2. Alkali metal ester enolates, their reactions and use in model oligomerizations studies

Anionic polymerization of (meth)acrylates is a complex process involving a range of partial reactions
and equilibria. To obtain more detailed information about the individual steps of the polymerization,
model studies were performed with low-molecular-weight compounds the results of which were used to
design real polymer syntheses. The active centre in (meth)acrylate polymerization is assumed to have a
structure of alkali metal ester enolate of the following general formula (Scheme 4, see also Section 1.1):
Therefore, ester enolates were used as model compounds for the study of the polymerization process.

Although the negative charge is predominantly located on the oxygen atom (enol form), the reactions of
the ester enolate proceed mostly at the carbon atom (keto form).

CHg CH3
| pentane + THF
H3C—C —Li + CHpy=C
. 200C
COOC(CH3)3 COOC(CH3)3
CHgz (|:H3
|
H3C— C——CHy —— C—Li.THF

COOC(CHg)3 ~ COOC(CHg)3

CH3 CH3
| | pentane + THF
H3C— T:— CHy—— C—H +  LiN(iso-C3H7)s
|

200C
COOC(CH3)3  COOC(CHa)z

Scheme 6.
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40

20

Fig. 1. IR spectra of 10% solutions in benzene; full line, isopropyl 2-lithioisobutyrate; dotted line, isopropy! isobutyrate.
(Reproduced with the kind permission of J Organomet Chem 1973;50:9.)

2.1. Preparation and properties of alkali metal ester enolates

Alkali metal isobutyrate ester enolates can be prepared in good yield and purity by the metalation of
isobutyrate acid esters with substituted alkali metal amides in a hydrocarbon medium at room tempera-
ture [63] according to Scheme 5. The enolates are colourless, air-sensitive substances, soluble in THI
and, some of them, even in hydrocarbon solvents (e.g. ethyl or isopropyl 2-lithioisobutyrates). In
solution, they are aggregated [64] to various degrees [65] (see below). At temperature¥and O
under an inert atmosphere, the solid isobutyrate ester lithium enolates are stable for up to several years
whereas the corresponding sodium or potassium derivatives are considerably less stable. To verify
whether the ester enolates correspond to the true growth centre of methacrylate polymerization, the
product of metalation of diert-butyl 2,2,4-trimethylglutarate (dimer dfBuMA) and the product
of the addition oftBIB-Li onto t-BuMA were compared (Scheme 6) [63]. Analyses and IR spectra of
both the compounds were found to be identical.

Absorption ———

H,c:%cﬂ,-gﬂ C/OC H,

Hy 00

] 1
1600 1700 1800
¥/lem™

Fig. 2. IR spectra of lithiated MMA dimetM = Li); (1): in benzene; (2): in THF. (Reproduced with the kind permission of
Makromol Chem 1982;182:1361.)
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Table 1
Characteristic IR absorptions of alkali metal mono- and oligo-ester enolates in the region 1600—I80®Remroduced with
the kind permission of Makromol Chem 1982;182:1361)

Absorptions (cm?)

P
H—1CHy — C CHy — C—M
|
COOR |n COOR
N R M In benzene In benzene wittBuOM  In THF
0 Me Li 1692 1683 1676
0 t-Bu Li 1677 1670 1659
0 Et Li 1684 - 1679
0 Et Na 1663 1665 1666
0 Et K 1651 - 1652
1 Me Li 1645,1711 1660,1713 1640,1714,1731
1 Me Na 1640,1712 1641,1710 1640,1720,1736
1 Me K 1630,1714 1628,1714 1626,1717,1736
2 Me Li (1717,1733) (1718,1735) (1718,1734)
3 Me Li ~1645 (1718,1736) ~1655, (1716,1735) -
4 Me Li ~1645, (1717,1733) - -

2.2. Infrared spectra of alkali metal ester enolates

IR spectra of ester enolates sensitively reflect their various interactions, especially in the range of the
carbonyl group stretching vibrations [63,66,67]. The IR spectra of isopropyl isobutyrate and its lithio
derivative are compared in Fig. 1. The lithio ester enolate is manifested by a single narrow peak in the
carbonyl group region with a wavenumber lower by about 50%tian that of the parent ester and by a
new strong absorption below 600 cf where stretching vibrations of C—Li and O-Li bonds are
located. Beside these major changes, some other frequency shifts can be observed in the spectrum o
the lithio enolate—see Fig. 1.

An IR spectrum of MLTMG, i.e. model of the MMA living dimer, is more complicated than that of the
simple enolate [67]. In a benzene solution of a living dimer (Fig. 2, curve 1), two adsorption bands with a
shoulder were found in the carbonyl group region, the lower frequency band being assigned to the
enolate structure. The absorption of the second carbonyl group,y-gasition with respect to Li-atom,

did not appear in the position expected for the non-metalated ester, its frequency being lower by about
25 cm ™. This shift was explained by coordination of theester group to the enolate group, as indicated

in Fig. 2. The extent of coordination, intra- or inter-molecular type, is high and only a few ester groups
are non-coordinated, which is demonstrated by a shoulder at 1753icithe spectrum. The band of the
v-ester group coordinated to Li of the enolate group is direct proof of cyclic complex formation between
the Li of the enolate and the ante-penultimate ester group of a living PMMA chain as was proposed by
Cram [68] many years ago as a necessary condition for isotactic chain growth.

The alkali ester enolates are solvated by strong donor solvents, like THF, which is also reflected in the
IR spectrum [67]. The solvation causes absorption band shifts in the region of the carbonyl group
vibrations as well as in the region below 600 cmin addition, in the spectrum of the living PMMA
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Table 2

IR spectra of dimer and Li-dimer in the absence and preserteBwdLi in the range 1600—1800 crh(Li-Dimer: Dimethyl-2-
lithio-2,2,4-trimethylglutarate; s: strong; w: weak; sh: shoulder). (Reproduced with the kind permission of Lochmann L, Dsc
Thesis, Inst Macromol Chem, Prague (1997))

Benzene THF

System v, cm Ei1710E1730 v,em Ey1710E1730
Dimer 1734(s) - 1733(s) -
Dimer 1733(s) - 1733(s) -
+t-BuOLi - -
Li-Dimer 1640(s) 1730(w,sh) 1.4 1641(s) 1733(s) 0.8

1708(s) 1713(w)
Li-Dimer + 1656(s) 1730(w,sh) 2.8 1640(s) 173%(s) 1.6
t-BuOLi 1710(s) 1713(s)
Li-Dimer 1658(s) 1730(w,sh) 2.8 1640(s) 1730(s) 1.9
+3t-BuOLi 1711(s) 1711(s)

Measured 20 min after metallation.

dimer (Fig. 2, curve 2) a decrease in the intensity of the band of-#&ter group coordinated to Li and
an increase in the intesity of the non-coordinajegister group were both observed. A possible explana-
tion is that THF competes with thgester group in coordination to the enolate Li atom, suppressing in
this way the latter. This effect leads to a lower formation of a cyclic complex, which is in accordance
with the well-known fact that PMMA prepared by Li initiators in the presence of THF or other polar
solvents exhibits a lower content of isotactic triads [69,70].

Characteristic adsorption bands of some ester enolates are summarized in Table 1. Their frequencie
are influenced by the effects of both the metal and solvent type decreasing in the orddia> K and,
being generally lower in THF than in benzene solutions. The lithiated higher MMA oligomers, like
trimer, tetramer and pentamer, are unstable at room temperature even in benzene solutions. Their spect
recorded 30 min after the preparation exhibited only two bands around 1700comesponding to the
products of ester enolate condensation, cyclic ketoesters.

2.3. Interactions of alkali metal ester enolates with alkali métat-alkoxides

These interactions can be of two types:

(A) If both the ester enolate and alkoxide contain the same alkali metal, the interaction results in
complex (cross-aggregate) formation [63,71]. The adducts can be best studied using Li compounds; they
are manifested in IR spectra by a shift of an ester enolate group absorption (see Table 1) and by a shift o
an alkoxide band around 950 cth Some of the Li enolatetert-alkoxide complexes can be isolated. A
more detailed information on these interactions was obtained by NMR analysis (cf. Section 2.4). The
complexes are formed from monoester enolates as well as from oligoester enolates, e.g. MLTMG (living
MMA dimer)—see Table 2. In the IR spectra of the latter cross-aggregate, another interesting feature
was observed. In the both benzene and THF [67] solutions, the intensity ratio of the band of the
coordinated (1710 cit) and non-coordinated (1730 ¢ y-ester group increases in the presence of
t-BuOLi. This means that the coordination, i.e. formation of the cyclic complex according to Cram [68]
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is enhanced by the alkoxide addition. This corresponds well with a slightly higher content of isotactic
triads of PMMAS prepared by some of Li initiators in the presence ofeki-alkoxide [72,73] (cf.
Section 3.3). The supermolecular structure of the ester endtateatkoxide cross-aggregates was
confirmed by molecular mass measurements, by the VPO method [64] and by NMR spectral analysis
(see Section 2.4). They probably contain the mixed structural units shown in Scheme 7.

(B) If a Li ester enolate is mixed with a heavier alkali metal alkoxide, lithium—heavier metal
interchange takes place according to Scheme 8. This reaction gives rise to an ester enolate of the heaviel
alkali metal and to a Li alkoxide and is complete within a few minutes at room temperature [66,74,75].
Similarly to the Li compounds, a mixed cross-aggregate of both the starting components is obviously
formed in the first step of this interchange. The mentioned interchange of alkali metals is a special case
of a more general reaction proceeding between an alkoxide of a heavier alkali metal and organolithium
compound containing, besides Li enolate group, also the C—Li bond (BuLi) or N—Li bond (lithium
diisopropylamide). Again, organic compounds of a heavier alkali metal and lithium alkoxides are
formed in these systems. The effect of alkali matat-alkoxides on the reactions of ester enolates
and on (meth)acrylate polymerization will be discussed below.

2.4. NMR and quantum chemistry studies of lithium ester enolates and their complexes

The lack of information on the real structures of the active species in anionic polymerization of polar
vinyl monomers—except for Seebach’s and Bywater's works [76—78]—Iled to the study of model
lithium ester enolate compounds.

2.4.1. Self-aggregation of ester enolates

Lithium ester enolates form self-aggregates in solutions similar to other organolithium compounds. It
was determined by VPO that isobutyrate lithium ester enolates are self-aggregated in THF and benzene
to a degree of 2—7 [64,65].

In the first study of the MIB-Li in THF [79] based mainly on thel NMR spectroscopy, it was found,
that this compound exists as tetrameric or dimeric self-aggregates with a relatively slow rate of

(CHa)zCLi COOCsHs + ROM — (CH3)2CM COOCsz + RO Li
(M =Na, K, Rb, Cs)

Scheme 8.
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k1

(MIB-Li)g + 2nS 2(MIB-Li. Sp)2

(S = solvent)

Scheme 9.

re-arrangement assisted by the solvent according to Scheme 9. With an increasing concentration of the
solution and increasing temperature (193—233 K) the content of the tetramer increases. Thus, ina 0.2 M
solution at temperatures higher than 213 K as well as in 2.0 M solution at 197 K, MIB-Li forms
exclusively tetramer. The same problem was studied in more detail &&ndH, °Li and 'Li NMR
and Raman spectroscopy [80]. Here, the number of signals in the Li spectrum is higher than in the former
study and the same fact can be observed in#8eNMR spectrum. As these differences can hardly be
attributed to the chemical inhomogeneity of samples (i.e. products of MIB-Li self-condensation), it is
clear that the ester enolate forms in THF solutions more than two self-aggregates. A variety of signals in
all NMR spectra as well as in Raman spectra of MIB-Li in THF indicate the existence of two isomeric
trimers at low temperatures, in addition to the dimer and tetramer. All these self-aggregates are in
dynamic equilibria according to the equations in Scheme 10 in which D denotes dimer, Te tetramer,
Trl and Tr2 trimers and S is THF. Thermodynamic data for the individual equilibria are given in Table
3. The values for the D—Te equilibrium are in a very good agreement with those published elsewhere
[79]. Concerning the rates of the equilibria, the highest rate is exhibited by the D—Te exchange and the
exchange rate decreases in the order D>Tre—Tr> Tr1-Tr2. The rates of interconversion, however,
seem to be slow enough to interfere in the initiation step of the polymerization process. The temperature
dependences of the equilibria are expressed by van’t Hoff plots in Fig. 3, which were made from both
signals of carbonyl and-C atom in**C NMR spectra in the temperature interval 197—-223 K. Using
MNDO and ab initio calculations, an optimized geometry of the aggregates of MIB-Li was modeled
[81], as is shown in Fig. 4. MNDO molecular parameters of the most stable forms of the MIB-Li
aggregates (see Table 4) indicate that non-solvated dimer is most stable near the keto form wherea
the higher self-aggregates (trimer and tetramer) shift the keto—enol equilibrium toward the enolate.
When solvated with two molecules of dimethyl ether (DME), however, the dimer has also predomi-
nantly enolate character.

Consequently, it follows from spectral studies as well as from theoretical calculations that MIB-Li
exists as three energetically similar self-aggregates even in solvating media and, in addition, the Li atom
coordinates with both C and O anions; the enol form of the ester enolate seems to be more stable.

1) 2mns] <= Te + 218
@  3[Dns] 28 2[TrmS] + (3n-2m)S
@)  amrms] =~ 3Te + 4ms
K33
@  [T2mqS] [Tri.moS] + (mp-myq)S

Scheme 10.



P. Vicek, L. Lochmann / Prog. Polym. Sci. 24 (1999) 793-873 805

Table 3
EnthalpiesAH; and entropies\S; calculated for equilibria (1)—(4) in Scheme 10. (Reproduced with the kind permission of
Makromol Chem Phys 1994;195:3039)

Equilibrium no Equilibrium constant AH; (kcal mol™) AS; (calmol ™ K ™)
(1) Koa 2.2 12.3
) Koz 3.9 17.3
(3) Kaa -1.5 1.1
(4) Kass 0.2 1.4

2.4.2. Complexes of ester enolates with LiCl or lithium 2-(2-methoxyethoxy)ethoxide

In the anionic polymerization of MMA in THF with an alkali metal counterion [82—84], the reaction
rate decreases with an increasing concentration of active species as a consequence of associatiol
phenomena of the living chains according to Scheme 11. The existence of associated living chains
was confirmed by viscosity measurements [85] documenting an increase in the fraction of aggregates
with increasing concentration of the living chain ends. Different reactivities of aggregated and non-
aggregated chains lead to a multiplicty of active species and, consequently, to the bimodal MWD of the
polymer, assuming a sufficiently low rate of interconversion of chains compared with a rate of poly-
merization [83]. This is the case BBUA having a very high rate of propagation. If LiCl is added to the
system, (see Section 5.1), it forms mixed cross-aggregates of the salt with the living chain ends, which
competes with self-aggregation of the growing polymer. In this way, the cross-aggredai€s)(®ith
a molar ratio 1:1 or 1:2 are “non-associated” polymer chains with high reactivity. As an addition of an
equimolar amount of LiCl causes a slight increase in an overall polymerization rate and a further
addition of the salt depresses the reaction rate, it can be assumed that the reactivities of the individual
mixed cross-aggregates are different. It was concluded, mostly on the basis of Li-NMR spectra, that the

Fig. 3. van't Hoff plots for individual self-aggregation equilibria of MIB-Li in THF (see Scheme 10) based®hMR
spectra. (Reproduced with the kind permission of Makromol Chem Phys 1994;195:3039.)
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Fig. 4. MNDO optimized geometries of MIB-Li self-aggregates in THF: (a) dimer (a) and its solvate with two molecules of
dimethyl ether (b); (b) trimer 1 (a), trimer 2 (b); (c) tetramer (two projections). (Reproduced with the kind permission of Collect
Czech Chem Commun 1994;59:1699.)
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Table 4
MNDO molecular parameters of most stable forms of MIB-Li aggregates (dimer to tetramer) and the solvate [D 2DME].
(Reproduced with the kind permission of Collect Czech Chem Commun 1994;59:1699)

Parameter D [D 2DME] Trl Tr2 Te

Heat of formation -1137.1 —1607.9 -1697.1 —1730.4 —2171.6
(kd mol™®)

Stabilization energy —95.8 -116.9 -92.9 -104.0 -70.1
(kI mol™®)

Bond length (ppm)

Ci1-C2 154 145 140 145 139
C1-0O 125 127 131 127 132
C2-Li 215 210 301 206 312
O-Li 316 203 208 206 220
Bond angle

C1-0O-Li () 82.9 143.0 109.4 102.5 113
Torsion angle 0)

C2-C1-0O-Li 0.0 51.5 23.9 6.3 0.0
0-C1-C2-Mé 114.7 176.0 179.9 172.8 179.8
0-C1-C2-Mé -114.7 27.9 0.5 21.9 0.6
Net atomic charge

O -0.39 —0.48 -0.47 -0.49 —0.46
C1 0.47 0.51 0.38 0.53 0.37
c2 -0.49 -0.51 —0.40 —0.52 -0.37
Li 0.33 0.30 0.37 0.40 0.38

equilibrium between non-aggregated (free) ion pairs and those complexed with various numbers of LiCl
units is faster than the equilibrium between non-aggregated and self-aggregated ion pairs without LiCl.
This seems to be corroborated by the results of NMR study of aggregation of MIB-Li with LiCl [86] as
well as with other types of complexing ligands [87]. However, the results of the following studies
[88,89] of complexes ofBLTMG with LiCl or MEEOLI by *H, “Li and *C NMR spectroscopy as

well as MNDO theoretical calculations have not verified the idea of a fast equilibrium between free, non-
aggregated centres and those complexed with added ligand. An addition of one equivalent of LIiCl to
MIB-Li solutions leads to the formation of a highly stable equimolar complex, the additional salt forms
mixed cross-aggregates with a higher content of LiCl. The assumed processes can be expressed by
Scheme 12 [86]. If an excess of LIiCl over MIB-Li is 3 or higher, uncomplexed LiCl was found in the
reaction mixture, the concentration of which depends on both the mole ratio LiCI/MIB-Li and the

kD *

(P3), 2P, Ka=ka/kp
3 kA ¥
+M ka +M k+
associated non-associated
ion-pair ion-pair

Scheme 11.
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b s 3 LiCI.MIB-Li + LiClgyc

> 550C

2 LiClI.MIB-Li + LiCl

Scheme 12.

temperature. In this way, LiCl supports the formation of only one type of active species, which has a very
favourable effect on the MWD of the prepared polymer.

Similarly, MIB-Li forms a unique complex with bidentate ligand [90] MEEOL.I (cf. Section 5.2),
which stabilizes efficiently active centres in the low-temperature polymerizations of (meth)acrillates.
and *C NMR spectra showed fast complexation of MIB-Li even with a small addition of MEEOLI,
documented by the immediate disappearance of the signal of the MIB-Li dimer. An equimolar mixture
of the both components exhibits in’ki spectrum a residual signal of a MIB-Li tetramer and a new,
slightly broadened signal of the complex, which is only the signal of the mixture MIB-Li:MEEOLi 1:2.
Thus, the formation of the cross-aggregate (MLBYMEEO), can be reasonably assumed, which is
corroborated by*C NMR spectra. As has been found, this complex is very stable in the temperature
range from—60 to OC moreover, emerges in polar THF as well as in non-polar toluene. With the molar
ratio MEEOLI:MIB-Li increasing above 2, signals of “free”, i.e. non-complexed alkoxide can be clearly
seen in thé*C NMR spectra, so that no “higher” cross-aggregates of MIB-Li and MEEOLI are formed
even at OC. Comparing the results of this study and that of the complex of MIB-Li with other types of
Li-binding ligands (e.g. crown ethers and cryptands) [87], the authors assume that thation is
strongly coordinated by the chelating MEEOLI ligand. This weakens the interaction between the bulky
“gegenion” and the MIB anion and also influences its negative charge delocalization. Thus, the
cross-aggregate MIB-LI/MEEOLIi 1:2 was described as a “ligand-promoted-loose mixed complex”
MIB ~[Li3(MEEO),] .

2.4.3. Complexes with alkali mettdrt-alkoxides

As follows from foregoing studies by other methods [63,66,67], alkali metal ester enolates form cross-
aggregates with alkali metatrt-alkoxides, which are considered to be responsible for the enhanced
stability of the polymerization centres (see Sections 2.5, 3 and 4). In contrast ta-B@DLi replaces
gradually molecules of MIB-Li in its tetramer forming complexes with molar ratios MIB-BuOLi
3:1, 2:2 and 1:3 [91]. The rate of formation as well as the stability of the individual complexes are

(MIB )sLig(t-BuO); < (MIB),Lig(t-BuO), < (MIB)4Lig(t-BuO)s

Scheme 13.



P. Vicek, L. Lochmann / Prog. Polym. Sci. 24 (1999) 793-873 809

AH1

2[(MIB-Li)3 (+-BuOLi)q] + (t-BuOLi)g 3[(MIB-Li)y (t-BuOLi);]

[(MIB-Li)o (t-BuOLi)y] + (t-BuOLi)g # 2[(MIB-Li)1 (t-BuOLi)3]

Scheme 14.

dependent on the molar ratio of MIB-LiBuOLi and on time. The first replacement of MIB-Li in its
tetramer byt-BuOLi proceeds in fact immediately, the complex 3:1, however, is not stable and is rapidly
re-arranged into complexes with higheBuOLi contents. The equilibrium concentration of the 1:3
complex (MIB-Liit-BuOLi) is reached after relatively long storage times-a46°C, it is, however, stable

for hours even at room temperature. Thus, the stability of the cross-aggregates increases according to the
Scheme 13, whereas the rate of their formation decreases in the same order.

The re-arrangement of the complexes is assumed to proceed in the sense of the following equilibria
(Scheme 14), with different enthalpi€dH; = —1.51, AH, = —1.02 kcal mol'). These values were
calculated from equilibrium contents of individual cross-aggregates in the mixtures with varying molar
ratios of MIB-Li:t-BuOLi. The order of stability of individual aggregates is corroborated by the results
of theoretical MNDO calculations [91] of their heats of formatidyH) and their stabilization energies
(AH,) as indicated in Table 5. Concerning the geometry of individual complexes, the core of each cross-
aggregate is formed by the cubic structure in which Li and O atoms alternate. The Li—O distance slightly
varies, the complexes with loweBuOLi contents are less tightened. This conclusion corresponds to the
energy minima obtained from MNDO calculations, from which also the optimum geometries of the
complexes were predicted (see Fig. 5). From Bettand*C NMR spectra, a slight non-equivalence of
two tert-butyl groups in the complex (MIB-Lj(t-BuOLi), can be seen, so that this cross-aggregate is
assumed to exist in two different forms. In Fig. 5 and Table 5, they are depicted as (2:2) and (2:2)a,
respectively.

In another paper by Wang et al. [92], the same problem was studied, the results being, however,

Table 5
Heats of formatio\H and stabilization energiesH; for aggregates of MIB-Li anttBuOLi predicted by MNDO. (Reproduced
with the kind permission of Magn Res Chem 1994;32:S8)

Mole ratio AH (kcal mol™) AHg (kcal )2
[MIB-Li];[ t-BuOLi]

(4:0° —518.02 16.52

(3:1) —481.96 19.99

(2:2) —445.12 23.27

(2:2° —441.63 22.40

(1:3) —407.05 26.24

(0:4) —366.96 28.70

2Per molecule in the aggregate.
® Tetramer of MIB-Li.
¢ Tetramer oft-BuOL.i.
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Fig. 5. Optimized geometries of the MIB-tiBuOLi complexes predicted by MNDO quantum calculations. (Reproduced with
the kind permission of Magn Res Chem 1994;32:S8.)

different to some extent. Probably because of a shorter storage time of the measured mixtures,
the complex formation was found to be favourable in the ord®&tIB),Li,(t-BuO), >
(MIB)3Li4(t-BuQ); > (MIB),Li4(t-BuO)s.

tBIB-Li is supposed to be in THF solution in a tetrameric form irrespective of concentration (0.1—
0.8 mol I'Y) and temperature (203—273 K) [93]. From colligative measurements [64], an average self-
aggregation degree of about 2.3 was estimated. In the presence of TMEDA, hotiBelj forms
dimeric self-aggregates as follows from X-ray scattering studies [94]. One has to consider that a highly
coordinating agent such as TMEDA partly saturates the coordination ability of the enolate so that

. ) AHj3
(tBIB-Li), + 3 (t-BuOLi), 4 [Lig (tBIB) (t-BuO)y]
AH, .
(tBIB-Li), + (t-BuOLi), 2 [Lig (tBIB), (t-BuO),]
AHa,

3(tBIB-Li), + (t-BuOLi), 4 [Lig (tBIB) (t-BuO)]

Scheme 15.
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12CH, o 7CH3 Li O 10¢cH,
CH3 —”c': —o-2 y: —4c|: —3CH2—2CIZ——1!:— O—QCI:—CH3
12CH, 8 cl;H3 6 CH3 CHa
Scheme 16.

formation of larger self-aggregates is virtually impossible. In THF, the enolate tetramer coordinates with
tetramerict-BuOLi according to Scheme 15 in which the respective enthalpy valihs AH,, and

AHj, are —59.47, —3.76 and+37.89 kJ mol?, respectively. Thus, formation of the [L{tBIB),
(t-BuO)] cross-aggregate seems to be unlike, which is in agreement with the results of NMR
relaxation measurements. Similar results were obtained in a study of the cross-aggregation of
tBIB-Li with 3-MPeOLi; again, no complex [Li (tBIB); (3-MPeO)] was observed in NMR spectra
and, moreover, the rate of complex formation was lower in this case than that in the former one. The

D ¥

TMMALI

Fig. 6. Optimized structures of the MLTMG/MMA transition complexes TMMALTMMALI * and the resulting living trimer
TMMALI predicted by MNDO for the isotactic bonding of MMA to “closed” form of MLTMG. (Reproduced with the kind
permission of Macromol Theory Simul 1997;6:437.)
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H3C\ (o] - CH2\C /—Cg:i:s
H3C—O—(|||3 (ID—O—CH3
°~u-°
Hc—o~" O— CH3
HaC |CH3
Scheme 17.

stabilities of the complexes are relatively high even at room temperature and seem to be almost equa
irrespective of the type of alkoxide. This could lead to a conclusion that the chemical structure of the
alkoxide should have no effect on its stabilization efficiency in a polymerization system. However,
polymerization studies gave opposite results, see Section 4.4,

The following NMR and theoretical study of the model of living dimet-®uMA, i.e.tBLTMG, (see
Scheme 16) offered similar, but extended results [95]. It has been found, in agreement with previous
infrared studies [66,67], that this model compound exhibit a strong tendency for the Li atom to be
coordinated with the C5 carbonyl on a C5 atom forming in this way a closed intramolecularly complexed
form. The linear, non-coordinated form 8L TMG exists simultaneously with the closed (coordinated)
one, the former is, however, stabilized by a formation of a dimeric aggregate similarly as the simple
2-lithioisobutyrates discussed above. From¥He'Li, and **C NMR spectra, it can be concluded that

12d 104, 78b+c 7.8a
6a%0%%q 12g: | 06 & itka 1B
ii 1 12ci2b:10d; 10geci ;i7.8d i !

{iv}

(iii)

(i)

T

170 160 150 140 130 120 110

4 in ppm

Fig. 7. *H NMR spectra of BLTMG (i) and its mixtures witht-BuOLi at —20°C in THF-dg. tBLTMG: t-BuOLi ratio (m/m): 1:1
(ii); 1:2 (iii); 1:3 (iv). (Reproduced with the kind permission of Makromol Chem 1983;184:2021.)



P. Vicek, L. Lochmann / Prog. Polym. Sci. 24 (1999) 793-873 813

i %
CHy— = Ch CHy— 0—CHy

-0 .. .
CHBO\C/O\ g ~THF O\Li"‘ THF

o . —Li
Li Li’ CHaO\C/O N
CH3\|C clz é == cHy |
PN N A c C—OCH,
Oy CHT] NCZ ety N, _?

—C
C
% OCH, k éHa

keto form enol form

Scheme 18.

the relative populations of the “open” (linear) and “closed” (cyclic) forms, i.e. non-coordinated and
coordinatedy-ester groups, depend on the concentrations of solution as well as on temperature. As the
content of the “open” form increases with increasing temperature, it can be reasonably assumed that the
intramolecular coordination, i.e. “closed” form is restricted to higher temperatures, while the formation
of higher self-aggregates, formed from two “open” molecules is preferred. It follows from the measure-
ments of relaxation times usinfi NMR spectra that the interchange reaction between “open” and
“closed” forms must be very slow, in particular, in comparison with a rate of polymerization process.
This can be expected owing to a number of desolvation and dissociation steps in the interchange of both
these forms. The results of the spectral study are in agreement with theoretical MNDO and ab initio
calculations for both the model dimers, ifLTMG and MLTMG [96]. The most stable form of
tBLTMG, in particular under conditions of real polymerization, corresponds to the closed (or coordi-
nated form) which is given in Fig. 6. Thecoordinated form of MLTMG was found to bind up two units
of a polar solvent (dimethyl ether or THF); however, such solvation does not interfere with the intra-
molecular coordination of the Li counterion with the carbonyl on a C5 atom (see Scheme 17) and, in
addition, the tendency to coordination does not depend on the structure of ester alkoxy group.

tBLTMG cross-aggregates withlBuOLi in a similar way as its simple enolate analogB&B-Li. The
process was studied by NMR spectroscopy and by theoretical methods [97H tRMR spectra of
tBLTMG alone and its mixtures with theBuOLi in various molar ratios are shown in Fig. 7. The
assignment of the signals correspond to the superscripts in Scheme 16, signals 14 belonging to protons of
t-BuOLi.

According to differences in NMR spectra, cross-aggregates are formed h®li¢1G: t-BuOLi
molar ratios either 2:2 or 1:3 and, similarly to the syst®&tB-Li/ t-BuOLi, no complex with a ratio of
3:1 was observed even in mixtures with low contents BEOLi. Most probably, this is due to the steric
requirements of the bulkiBu ester group.

As the model compounds do not fully correspond to the real polymerization system, an NMR study of
a MMA oligomerization mixture was performed [91]. The mole ratio of MMA:MIB4BuOLi was
2:1:3 and the initiation complex ester enolate—alkoxide was used either fresh or after agew@Git
The structure of both the living oligomers prepared with fresh or equilibrium initiators was found to be
independent of ageing, which was corroborated by polymerization experiments. Again, the end-group of
the living oligomer was found to be coordinated with the penultimate carbonyl, in this case, however,
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2(CH3)2CM COOR =====(CH3)2CM COC(CH3)2COOR + ROM

Scheme 19.

interaggregated with one molecule of thBuOLi. The structure of this complex is proposed in Scheme
18. From theH NMR spectrum, the mole ratio of the growing centr&uOLi is 1:2.1 which indicates

that approximately half of the alkoxide forms a 1:3 complex and half a 2:2 comlpex. The residual
BuOLi is probably bound up in its self-aggregates or coordinated with the products of the self-termina-
tion reaction. An oxo ester structure of the self-termination product was found in the NMR spectra of a
reaction mixture after 4 h of ageing at20°C.

The investigation of the character of the growing species in anionic MMA polymerization was
extended to ab initio SCF, MNDO and AML1 calculations for an early step of the process with the
aim to obtain more insight into the stereoregularity of a monomer addition [98]. Again, MLTMG was
taken as a model of the active centre being either in an “open” non-coordinated form or an intramole-
cularly coordinated “closed” form [95,96]. The possibilities for approach and addition of another MMA
unit were calculated. It was found that on the non-coordinated active centre (*open” form) both the
arrangements, i.e. iso- and syndio- are possible. However, syndiotactic addition is energetically
preferred whereas isotactic growth can proceed exclusively on the coordinated (“closed”) form of the
active centre. Both of these forms of growing centres are present in nonpolar as well as in polar solvents
and the relative population of them depends on reaction conditions and on the polarity of the solvent.
Therefore, the resulting microstructure of product is probably a consequence of a dynamic equilibrium
between “open” and “closed” forms of active centres. In the isotactic arrangements, a monomer unit
joins the growing chain-end, i.e. coordinated form of MLTMG, via a stabilized “pre-addition complex”
(TMMALI ) followed by “addition complex” (TMMALI") and, finally, the extension of the correspond-
ing chain (coordinated form of the living trimer—TMMALI) as shown in Fig. 6.

It can be concluded from the results discussed in this section that the model growing centre of
(meth)acrylate polymerization has the following features [97]:

1. Cubic structure is the probable form of the complex composed of four Li and four O atoms held
together by a system of polycentric electron deficient bonds of low covalency.

2. The system is relatively stable, its mutual exchanges are, in comparison with the rate of real poly-
merization, slow and its stability is enhanced by the presence t#rt-alkoxide.

3. Owing to the weak covalency of the polycentric bonds, an additional bonding of the monomer
or y-ester group is possible.

0
I
COOR  COOR  COOR HaC \C/c\ _COOR
c
~
CH3—C— CHy — C— CHy— C—M HaC g cI; <|:\CH3 +  ROM
H
CHz CHs CHy 2N 2
/ \
CH3 COOR

Scheme 20.
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(CH3)2CMCOOR  + (CH3)2CHCOOR <——=  (CH3)2CH COC(CH3)2COOR + ROM
Scheme 21.

4. Coordination of the lithium ester enolate group with 4hester group is promoted in the presence of
lithium containing ligandstért-alkoxide).

Consequently, various types of growing centres probably exist simultaneously in the anionic polymer-
ization of (meth)acrylates, even in solvating media.

2.5. Condensation and transmetallation reactions of alkali ester enolates

2.5.1. Condensations and their significance in (meth)acrylate anionic polymerization

Two types of ester enolate condensation reactions are of importance in the sense of this review:
Autocondensations of ester enolates, (A), see Schemes 19 and 20, and the condensation of ester enolate
with non-metalated carbonyl compounds (B), see Scheme 21.

(A) Autocondensations can be either a bimolecular reaction (Scheme 19) leading to linear ketoester or
a unimolecular reaction (Scheme 20) giving rise to cyclic ketoesters. The first type of autocondensation
occurs prevailingly with mono- or di-ester enolates [67,99] and determines the stability of enolate
solutions, whereas the latter type predominates with longer oligo- and poly(ester enolates) restricting
the life-time of growing chain-ends, cf. Section 1.1. The rates of autocondensations of some ester
enolates, expressed by reaction half-times, are listed in Table 6. The effect of the solvent type is clearly
seen because the autocondensation in THF is much faster than in hydrocarbon solvents. This fact makes
possible an easy isolation of pure alkali metal ester enolates in hydrocarbon media (cf. Section 2.1).

Table 6
Autocondensation rates of alkali metal mono- and oligo-ester enolates (2, 28.15mol'; molar ratio
[enolaté : [t-BuOM] = 1:1). (Reproduced with the kind permission of Makromol Chem 1982;182:1361)

Autocondensation half-times (min)

CHj3 CHj
I
H—CHy;— C CHy —C—M
. COOR |n COOR
n R M In benzene In benzene, witlBUOM In THF
0 Me Li >10 - 1380
0 Et Li >10 - 4200,1449
0 Et Na >10 - 220
0 Et K >10 - 40
1 Me Li 1400 4000 140
1 Me Na 420 3000 28
1 Me K 380 1500 10
2 Me Li <1 <1 <1
3 Me Li <1 <2 -
4 Me Li <1 - -
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(CH3)2CHCOC(CH3).COOEt + t-BuONa === (CH;),CNaCOOEt + (CH3),CHCOO%-Bu
Scheme 22.

Also, the effect of a counterion is evident; lithium ester enolates are considerably more stable than the
potassium derivatives.

A dramatic increase in the autocondensation rate (over five orders of magnitude) appeared in the ordel
mono-, di-, tri- and tetra(ester enolates). Obviously, this change in the rate is associated with the change
of reaction mechanism and a very fast intramolecular formation of six-membered cyclic trimer by the
autocondensation of poly(ester enolate)s with a number of units three or more (see back-biting reaction).

(B) In the condensations of isobutyrate alkali metal ester enolates with non-metalated isobutyrates, the
same solvent- and counterion effects apply as in the respective autocondensations; however, the reactic
rates are considerably higher [99]. This reaction may cause a termination of propagation by monomer,
cf. Section 1.1. The effect aért-alkoxides on enolate condensations was also investigated [67,99] and it
was found, that the alkoxide generally lowers the rates of condensations by a factor from 3 to 8 for
metallated MMA dimers (Table 6). The retardation effect of alkoxides depends on their structures,
counterions and concentrations, so that, e.g. potagsitifhutoxide was found to slow down the enolate
autocondensation more intesively than its lithium analogue. This effect of the alkoxides may be a
consequence of their cross-aggregation with enolates, the product of which is less reactive in the
condensations (see Section 2.2). Moreover, it cannot be excluded that the alkoxide also acts by its
mere presence because it is one of the condensation products.

Itis well known that the ester enolate condensations are equilibrium reactions and, therefore, reactions
according to Schemes 22 and 23 can be expected to occur. Actually, in the reaction of linear or cyclic
ketoesters and sodiutart-butoxide, a cleavage of the ketoester into the compounds on the right-hand
side of Schemes 22 and 23 could be proved [100]. The products of the cleavage were estimated by IR
spectroscopy and determined by GLC after hydrolysis. The cleavage was also confirmed by the fact that
the reaction mixture of ketoester ar@BuONa immediately initiates MMA polymerization, in contrast
to the alkoxide alone (see Sections 3 and 4.2). The number of polymer chains produced in this proces:
approximately corresponds to the extent of the cleavage. The cleavage is considerably slower than MMA
propagation and, therefore, it is not significant in the propagation of polymer. However, it could play
some role in the so called “reviving” of dormant active centres (see above).

2.5.2. Transmetallation between lithium ester enolates and carboxylic acid esters
In contrast to methacrylates, the acrylate esters contain an acid hydrogencip@sition and,

(@]
I
H3C (]
CH
/\c/ N3 (|3H3 C|JH3 cI:Hs
HaC ~
3 C|: LH COOCH3 + tBUuONa «—— CH3—C—CHp— C—CHp—C—Na
Mo 2 | I
/ COOt-Bu COOCH3 COOCH3
H3C COOCH3

Scheme 23.
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(CH3)2CLICOOt-Bu + CH3CH,COOt-Bu =—— (CH3)2CHCOOt-Bu + CH3CHLICOOt-Bu
Scheme 24.

consequently, metal transfer from the enolate group onto another molecule of non-metalated ester is
possible. As this reaction corresponds to chain transfer in acrylate anionic polymerization, the metal
transfer was studied using model compounds [101] according to Scheme 24. Mixtures ofBdBakr

with tert-butyl propionate otBPr-Li with tert-butyl isobutyrate were deuterolyzed with (g5 COD

under various conditions and after different time intervals. In the forward reaction in Scheme 24, the
metal transfer of only 1% was found and, moreover, when lithiated propionate reacted with the non-
metalated isobutyrate, no metal transfer was observed (Table 7). These findings do not support the idea
of an easy chain transfer in the anionic polymerization of acrylates. It should be noted here that the extent
of side reactions in the anionic polymerizationteft-butyl (meth)acrylate is generally low [102—-104];
nevertheless, in studies of real acrylate polymerization systems (cf. Section 4), the same conclusions
were made.

2.6. Addition of ester enolates onto methacrylate monomers, oligomerization studies

2.6.1. Products of MMA oligomerization
The addition of alkali metal ester enolates on an activate@ Gouble bond in (meth)acrylate esters is

the propagation reaction of the polymer chain. First, the reaction of an isobutyrate ester sodium enolate
and the corresponding methacrylate was investigated [99,105,106] at low methacrylate/enolate molar
ratios and under conditions shown in Scheme 25. The products of these reactions were, after protolysis,
isolated and characterized as different linear methacrylate oligomers and products of ester enolate
condensation, i.e. predominantly cyclic ketoesters. As the addition of ester enolates to methacrylates
is very fast, a flow tube reactor was used allowing an instantaneous mixing of the components and
sampling of the reaction mixture in various time intervals starting up with 20 ms [105]. After protolysis,

Table 7
Contents of starting compounds and of their deuterated analogs after the reaction according to Scheme 24 and deuterolysis.
(Reproduced with the kind permission of Polym Prepr (Am Chem Soc, Div Polym Chem) 1988;29(2):29)

Temperature°C) Time Contents of esters and of their deuterated analogs
°C min tBPr tBPr d; tBIB tBIBd;
tert-Butyl2-lithioisobutyrate+ tert-butylpropionate
25 2 86 0.1 75 85
25 32 60 0 47 21
-30 1 100 0.3 88 84
-30 185 82 0.3 88 84
=75 63 100 1.0 92 85
—~75 305 100 0.7 91 91
tert-Butyl2-lithiopropionate+ tert-butylisobutyrate
=75 10 100 88 100 0.04
=75 300 87 84 97 0.2

2 An appreciable amount of ketoesters was formed through a condensation reaction; they were easily transmetallated.
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[MIB-Na]o = 0.1 or 0.3 mol/l; x = 1,2 or 4; flow tube reactor, time 0.02-1.4 s, temperature: 20,
8 or 0°C; [t-BuONa]o/[MIB-Na]o = 0 or 3

Scheme 25.

the samples were analyzed by GLC and GPC and, based on these results, conversion—time curves we
calculated for individual components of the reaction mixture [105,106]. The curves are shown in Fig. 8
where the solid-line curves correspond to the conversion of MMA. Only traces of methyl isobutyrate
could be detected in the mixture even at the shortest time intervals, which indicates a very fast reaction
of ester enolate with methacrylate. The composition of the reaction mixture considerably depends on the
reaction conditions and the ketoester, i.e. “cyclic trimer”, as the result of a self-termination reaction is a
prevailing product in many cases. The type of solvent strongly affects the rates of individual reactions to
various extents causing pronounced changes in the composition of the reaction mixture. In THF (Fig.
8(a)), the MMA conversion is fast and also the rate of autocondensation of the linear sodium trimer is
high giving rise to the cyclic trimer as the most populated product. On the contrary, in a toluene—THF
mixture (5:1 v/v; Fig. 8(c)), the cyclization reaction is much slower and the ester enolate persisted for a
longer time than in the foregoing case.

The effect of alkali metalert-alkoxides on the reaction of ester enolates can be seen in Fig. 9 where
the composition of the oligomerization mixtures obtained in the absence or presetBe©Na are
compared. In the presence of the alkoxide under otherwise identical conditions, oligomerization is
generally slower but the concentration of a cyclic trimer is low and sodium linear trimer is the main
reaction product (Fig. 9(a)). Without the alkoxide (Fig. 8(a)), the oligomerization produces mainly
cyclic trimeric ketoester at the same reaction time.

From the total amount of all oligomers formed in the reaction, the initiating effici€noy alkali
metal ester enolate was calculated [106]. It depends on the reaction medium decreasing in the orde
THF > toluenéTHFmixtures> toluene, see Table 8BuONa increases the enolate efficiency, as
follows from a comparison of values obtained from the oligomerizations in toluene/THF mixture in
the presence or absence of the alkoxide. Data in Table 8 document a good agreement between calculate
and experimentally found average molecular weights of the reaction products in oligomerization with a
high enolate efficiency; in reactions with a lower enolate efficiency, the real average molecular weight of
the products is commensurately higher.
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Fig. 8. Composition of oligomerization mixture MMA/MIB-Na vs. reaction time according to Scheme 25. Conditions:
[MMA o = 0.20 mol I'%; [MIB-Na], = 0.10 mol I'%: (a) in THF at 23C; (b) in THF at 3C; (c): in toluene-THF mixture

5:1 (v/v) at 23C. (—): MMA,; (----): dimer (3a); (---): linear trimer (3b); (-:-): tetramers (3c); (-----): tetramers (3d); (----): cyclic
trimer (5); (------): mixture of higher oligomers (3e). (Reproduced with the kind permission of Makromol Chem
1983;184:2021.)

Beside autocondensation, also depolymerization of alkali metal oligoester enolates proceeds in their
THF solutions, leading to a lower oligomer and methacrylate monomer. This monomer molecule can
then react with another ester enolate forming a higher oligomer again; the process can be characterized
as “disproportionation” [107]. According to Scheme 26, the decompaosition of MLTMG (lithio-MMA
dimer) proceeds via depolymerization giving MIB-Li and MMA (reaction 1). Then, MMA reacts with
the so far unreacted MLTMG yielding lithio-MMA trimer (reaction 2). At the same time, all present
lithioester enolates undergo autocondensations to linear or cyclic ketoesters. Consequently, the final
reaction mixture contains after hydrolysis a small amount of methyl 2,2,4-trimethyl-3-oxopentanoate
(through reaction 4) and methyl isobutyrate in addition to the main product, dimethyl 2,4,6,6-tetra-
methylcyclohexanone-2,4-dicarboxylate (cyclic MMA trimer) formed by reaction 3. Formation of the
cyclic MMA trimer (self-termination reaction) is the fastest reaction in this system and this is obviously
the reason for the product distribution found in this case.

Similarly, trimethyl 2-lithio-4,6-dimethylheptane-2,4,6-tricarboxylate (linear lithio MMA trimer) is
transformed almost exclusively into cyclic trimer (reaction 3), most probably because of optimum steric
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Distribution of MMA in "mol-%"

01 02 03

Fig. 9. Composition of oligomerization mixture MMA/MIB-Na vs. reaction time in the presendeBofONa. Conditions:
[MMA o = 0.20 mol I'Y; [MIB-Na], = 0.10 mol I"%; [t-BuONa&, = 0.30 mol I'%; 23C; (a) in THF; (b) in toluene-THF
mixture 5:1 (v/v); (c) in toluene. For meaning of other symbols, see Fig. 8. (Reproduced with the kind permission of Makromol

Chem 1986;187:1473.)

Table 8

Efficiency of MIB-Na, F, in the reaction with MMA at 23C. (Reproduced with the kind permission of Makromol Chem

1983;184:2021)

[MMA] ; (mol 17%) [t-BuONa}, (mol 17%) Solvent F (%) Total M, of product
Calc Found

0.2 0 THF 100 355 319
0.2 0 tol/THF 49 322 433
0.2 0.3 THF 100 346 306
0.2 0.3 tol/THF 87 425 417
0.2 0.3 Tol 24 361 918
0.4 0 tol/THF 61-93 572 578
0.4 0.3 tol/THF 53-96 524 522
0.1 0 tol/THF 47 212 239
0.1 0.3 tol/THF 52 213 253

2tol/THF = toluenéTHFmixture 5:1 (v/v).
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conditions. The disproportionation of the lithio MMA tetramer in THF leads to both the MMA cyclic
trimer and tetramer, besides a mixture of higher MMA oligomers, probably cyclic and linear. The results
confirm the fact that the reaction of MMA with ester enolates is a reversible process.

2.6.2. Kinetics of MMA oligomerization

To describe the initial phase of methyl methacrylate anionic polymerization, Scheme 27 can be
designed, wher& denotes the monomek,are the respective propagation or depolymerization rate
constants andk. stand for the condensation rate constants. From the time—conversion data for the

P1c
+ CH3OLi

+M; k1
e e

«_tMk . tMk_ , +Mks N M; k
2 = P3" = P4 ==—= P5 e g
-2 k-3 k-4 I k.5
ke3 kea kes
P3c P4C PsC
+ CH30Li + CH30Li + CH3OLi

Scheme 27.
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Fig. 10. Calculated time—conversion plots and experimental points of individual products of the MMA oligomerization with
MIB-Li. Conditions: [MMA1]_0.10 molI™%; [MIB-Li]o=0.05moll"™. M =MMA; P;=MIB-Li; P, = dimer;

P, P, = linear trimeg tetramer; B,P; = cyclic trimer, tetramer (Reproduced with the kind permission of Makromol Chem
1990;191:1657.)

without ¢-BuOLi B

without ¢-BuOLi

5L -—= 1 -
with t-BuOLi
with t-BuOLi
o [Tx _______ T -
1 n -2t
| 1 | 1 1 1
1 2 3 i — 3 4 5 | —

Fig. 11. Dependence of the rate constants of propag#tigh) and cyclizationkg (B) on the chain length of the living
oligomers in the absence and presencet-®uOLi. Conditions: [MMA], = 0.40 mol I'Y; [MIB-Li]q = 0.20 mol I'%;
[t-BuOLi], = 0.60 mol IY; THF; 20°C. (Reproduced with the kind permission of Makromol Chem 1990;191:2253.)
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individual reaction products, the corresponding rate and equilibrium constants [108] were calculated and
used for the construction of the theoretical conversion curves. The calculated curves together with the
experimental data for the oligomerization of MMA§ = 0.10 mol ) initiated with the MIB-Li
(Co = 0.05 mol I'Y) are shown in Fig. 10. The calculated rate constants for the addition of MMA
onto different lithio ester enolates and for their cyclizations are given in the heading of Fig. 10. A
good agreement of the calculated curves with the experimental results is apparent [82,108]. As can be
seen from Fig. 11(A) (propagation) and Fig. 11(B) (cyclization), the rate constants of both these reac-
tions markedly depend on a polymerization degree of the oligomer. In the propagation reactions of the
shortest oligomers, the largest differences between the rate constants have always been observed
becoming smaller with increasing length of the oligomer. Thus, MIB-Li reacts with MMA almost
100 times faster than the higher oligomers, among which differences are much smaller. The lower
reactivity of lithiated dimer (Pin Scheme 27) in comparison with the MIB-Li{h Scheme 27) can
be explained by a coordination of the penultimate ester group to Li of the enolate group which is, clearly,
possible only in lithiated dimer or higher oligomers [82] (Scheme 28). As to the rate constant of
cyclization (Fig. 11(B)), again, the highest kalue was always found for the shortest oligomer, i.e.
lithiated trimer in this case. This fact may likely have sterical reasons.

It was shown above that the alkédirt-alkoxides lower the rates of both the ester enolate addition and

|CH3 CH3 H
l |
H3C—C—Li + 2CHy= |CH ——> H3c—C CHy—C Ho o+
| I |
COOt-Bu COOt-Bu COOt-Bu i COOt-Bu n
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HsC” | | N coot-Bu + ( ) + tuoLi + TRACESOF
HaC _CH KETOESTERS OTHER PRODUCTS
2C__CH2
c
VRN
H coot-Bu

Flow tube reactor, in THF at 20°C, time: (a) 0.02-1.4 s, (b) 60-1800 s, followed by hydrolysis

Scheme 29.
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Fig. 12. SEC eluograms of reaction mixtures oBUA oligomerization. Conditions:[t-BuA]y = 0.20 mol I'%;
[tBIB-Li], = 0.10 mol I'%; THF; 20°C; reaction time (a) 0.06 s, (b) 1800s. (—) RI sigriihear+ cyclic oligomers;
(— — —) UV signal (cyclic oligomers only). (Reproduced with the kind permission of Makromol Chem 1993;194:625.)

condensation reactions. This effect was also observed in oligomerization experiments [108] the results
being quantitatively demonstrated in Figs. 10 and 11. The propagation as well as cyclization rate
constants are actually lowered in the presenca-BfiOLi, but not to the same extent. As can be
seen, the cyclization rate constant is lowered by the alkoxide about 10 times more than that of propaga-
tion. This finding means that addition tdrt-alkoxide markedly increases the ratio of propagation to
termination rate constants, which consequently, should exert a favourable effect on the process of
anionic (meth)acrylate polymerization.

2.7. Addition of ester enolates ontiert-butyl acrylate, oligomerization studies

2.7.1. Products of thebutyl acrylate oligomerization

In model oligomerization of-BUA, similar to that of MMAtBIB-Li reacted with two molar equiva-
lents oft-BuA in THF in a flow tube reactor [105] at room temperature [18]. The reaction was very fast,
so that within less than 20 ms, both the starting components were completely converted into the products
(Scheme 29). After a short reaction time (0.06 s), the reaction mixture contained over 95% of linear
oligomers and the content of ketoesters—probably mostly cyclic—was lower than 5%. An SEC eluo-
gram of the reaction mixture is shown in Fig. 12(a). This finding is in contrast with the results of a similar
study of MMA oligomerization, where ketoesters were major products even at short reaction times
indicating a low tendency of growingBuA to participate in a back-biting reaction [102—104]. After
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Fig. 13. SEC eluograms (RI signal) 6BuA oligomers formed bytBIB-Li within 0.34 s in the absence and presence of
additives. Polymerization conditions: [t-BuA]y = 0.20 mol [t [tBIB-Li]o = 0.10 mol [t THF; 23C;
[LiCl]g = [t-BuOLi]q = 0.30 mol I'%; (a) without additives; (b) in the presence of LiCl; (c) in the presencéBGOLI.
(Reproduced with the kind permission of Makromol Chem 1993;194:625.)

1800 s, the reaction mixture is more complicated containing a number of side produtest-iRityl
5,5-dimethyl-6-oxocyclohexane-1,3-dicarboxylate (cyclic trim@nfas isolated from this mixture and
characterized [18]. UV, IR antH NMR analyses gave a direct evidence that this cyclic ketoester is
enolized (see Scheme 3). UV spectra of the side products in the reaction mixture were identical with that
of the cyclic trimer and, therefore, their structures are probably similar. As the enol form of the trimer
absorbs at 260 nm, its amount could be determined semiquantitatively using both UV and RI detectors in
the SEC analysis. The data are shown in Fig. 12 where the dashed curves represent UV signals and solic
correspond to the RI detection. It can be seen from Fig. 12(b) that the amount of UV absorbing
compounds in the reaction mixture attained about 70% within 1800 s. The enol hydrogen in the cyclic
trimer (Scheme 3) is markedly more acidik(pbout 11) than the-hydrogen of a simple carboxylic

acid ester. Therefore, at least a part of the living oligomers are protonated by the enolized ketoesters
giving an inactive product. Consequently, the autocondensation of one living chain-end can thus cause
termination of up to two growth centres.
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Fig. 14. SEC eluograms tBuA oligomers formed from the first (---) and second (—) additionsBfiIA into tBIB-Li in THF

at 23C in the absence of additives (a); in the presence of LiCl (b); in the preserteBusdLi (c). Time interval between
additions: 300 s; for other reaction conditions, see Fig. 13. (Reproduced with the kind permission of JPS, Polym Chem Ed
1979;17:1727.)

It follows from the SEC eluograms (Figs. 12 and 13), that theedibutyl 2,2-dimethylglutaratet{
BuA dimer, B) makes a large part of the reaction product [L09—110]. Obviously, the rate of reaction of
the monomer with the living dimer is much slower than that with the higtiuwA oligomers and this
fact strongly affects the MWD of the productd,/M, about 2). Another reason for the broadened MWD
can be additionally found in the concept of “multi-state propagation mechanism” suggestedliéy Mu
[84], or earlier by Coleman [111] which is based on the multiplicity of active species in a dynamic
equilibrium.

2.7.2. Effect of additives on thert-butyl acrylate oligomerization

A favourable effect of alkaltert-alkoxides on the methacrylate polymerization was discussed in the
foregoing section. Similar properties of some Li salts, namely LiCl, was described by Teysdie
[112]. The influence of both these additives (ligands) ontiBeA polymerization process was studied
in more detail [109,110]; see Fig. 13.

The presence afBuOLi in the t-BuA polymerization system causes a pronounced decrease in the
rates of all partial reactions to a higher extent than that in the MMA polymerization. Similarly, the
alkoxide affects the reactivity of variotsBuA oligomers to a different extent, again, in dependence on
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their polymerization degrees (DP). This follows from a SEC eluogram ot-8@A oligomerization
mixture (Fig. 13(c)) which indicates a very high content-&§uA dimer exceeding the dimer amount
formed in the absence @fBuOLi (Fig. 13(a)). In addition to the dimer, a number of higBuA
oligomers with DP values up to 80 were obtained. Based on these results, it can be assumed that the
reactivity of the livingt-BuA dimer towards the monomer was lowered by the interaction with the
alkoxide more than those of other higher oligomers. Therefore, only a few living chains can get over the
dimer stage and, consequently, the MWD of the reaction products is broadiyilih, ratio about 3.5.

The effect of LiCl on theé-BuA oligomerization is in an opposite sense, as can be seen in Fig. 13(b).
The content of dimer is lower than in the oligomerization without additive or in the presen&uaiLi
and the reaction products exhibit very narrow MWD values with,@M,, ratio of 1.15. Evidently, by the
interaction with LiCl, the reactivity of the dimer increases to the level, which is comparable with those of
the higher oligomers. This result of thdBuA oligomerization is in agreement with the polymerization
experiments of Teyssid12].

2.7.3. Stability of active centres tertbutyl acrylate oligomerization

The stability of livingt-BuA chains was studied by a two-step polymerization technique [109,110].
After mixing the first dose of-BuA with tBIB-Li, a second monomer dose was added within a time
interval ranging from 1.4 to 1800 s. The protonized reaction mixtures were analyzed by SEC and the
eluograms are shown as full lines in Fig. 14. The dashed lines relate to the oligomerization of the first
dose only so that the difference between the full and dashed curves represents the oligomers formed from
the second monomer dose. The time interval between the doses was 300 s in this case. The upper
eluograms (Fig. 14(a)) correspond to the mixtures prepared without any additive and it can be seen
that the seconttBuA dose gave rise to oligomers with considerably higher DPs and, at the same time,
most of the first dose products remained virtually unchanged. From the DP of the oligomers formed from
the second monomer dose it was calculated that, in THF at room temperature, only 9% of the originally
present living chains “survived” within the given time interval. In the presence of LiCl (Fig. 14(b)),
similar results were obtained; however, the DPs of chains formed from the se&wAl dose was
markedly lower. In this case, about 30% of the original centres were found to be active after 300 s. If
t-BuOLi was present in the oligomerization mixture, different results were obtained (Fig. 14(c)). After
the second monomer dose addition, all oligomers from the first dose exhibit approximately equal
enhancement no formation of a separated population of higher oligomers being observed. This result
can be understood assuming that most of the living chains from the first dose retain their activity over the
given time interval and are still capable of propagating. Although the fraction of “surviving” centres
could not be calculated using the procedure mentioned earlier; nevertheless, it is evidently high. These
results show that a portion of livingBuA oligomers remain live after 300 s and, moreover, this fraction
can be markedly increased by stabilizing the additives, in particuBuOL.i.

3. Polymerization of methacrylates in the presence of alkali metatiert-alkoxides

3.1. Polymerization initiated by neat alkali metakt-alkoxides

Alkali metal tert-alkoxides were used for the first time by Trekoval anchl[113] as initiators for the
anionic polymerization of MMA. In non-polar solvents, they polymerize methacrylates quantitatively
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Table 9

Effect of polar solvent addition on the microstructure of PMMA prepared in toluene’@t@flng various intiators (l:initiator;
MIB: BIBmethyl or butyl isobutyratesx,: yield of polymer). (Reproduced with the kind permission of Trekoval J, PhD Thesis,
Inst Macromol Chem, Prague (1970))

[MMA] , (mol 171 [1lo (mol I7%) Polar solvent X, (%) Triads (%)

Type mol I Iso Hetero syndio

Li tert-hexoxide

5.61 0.083 - - 15 84 12 4
1.81 0.097 - - 23 83 12 5
Li tert-butoxide

2.80 0.025 - - 19 82 13 5
1.88 0.011 MIB 1.76 58 82 13 5
1.88 0.017 MIB 5.74 62 80 15 5
3.77 0.016 MIB 4.00 29 82 13 5
4.74 0.024 MIB 3.08 29 80 14 6
1.85 0.011 BIB 1.20 99 82 13 5
0.64 0.011 BIB 2.15 100 86 11 3
4.86 0.050 THF 4.40 11 58 21 21
BulLi

8.45 0.045 - - 30 52 25 23
0.10 0.012 - - 22 71 17 12
0.74 0.022 MIB 2.77 100 29 30 41
0.93 0.005 THF 0.86 40 17 36 47

even at room temperature; however, the reaction is much slower than that initiated by BuLi and only a
small part of the added alkoxide is efficient in the initiation reaction. Consequently, the idea arose that
the unreacted alkoxide interacts with the growing chain-end forming a “protective complex” which is
responsible for a relatively high stability of active species and for a quantitative monomer conversion
[114,131]. Separately and additionally, coordination of alkali metal alkoxides to active centres of
anionic polymerization was proved in a number of studies, see Section 2. It should be noted that
Wiles and Bywater also found favourable but much less distinct effects of Li methoxide, ethoxide,
and propoxide in the polymerization of MMA initiated with BuLi in toluene [115]. Later on, various
alkali metal alkoxides were used for the anionic oligomerization and polymerization of MMA [116—
119] under different conditions. As the alkali metalt-alkoxides form self-aggregates in nonpolar
solvents [64], it was assumed that in the first reaction step the monomer “activates” the alkoxide
aggregates, which are then able to add onto th& @nethacrylate bond [120]. Thus, the rate of
polymerization distinctly increased with increasing initial monomer concentration. The same, but
even more expressive effect was observed if solvating compounds, such as isobutyrate or pivalate estel
or piperidine were added [121,122]. In contrast to the polymerization initiated by BuLi [70], the
microstructure of PMMAs prepared kyBuOLi exhibited lower sensitivities to the solvating power

of the polymerization medium [114] (see Table 9). Moreover, the degree of branghingording to

(CH3)3Sil H+
¢-BuO—( MMA )j— H ——— (CH3)3Si0O—(MMA )—H — HO—(MMA )n—H

Scheme 30.



P. Vicek, L. Lochmann / Prog. Polym. Sci. 24 (1999) 793-873 829

Table 10
Polymerization of MMA with EIB-Li in toluene in the presence of varidas butoxides (conditiongMMA ], = 0.63 mol I'%;
60 min; 20C; mole ratiofMMA 1o/[EIB-Li],). (Reproduced with the kind permission of JPS, Polym Chem Ed 1974;12:2091)

t-Butoxide t-Butoxide/enolate (m/m) Yield (%) Mu/M,,
_a — 41 —

Li® 1 53 3.63
Na? 1 82 1.87
K? 1 92 1.76
Na° 1 36 2.05
NaP 3 90 1.85
Na’ 55 100 1.60

2See Ref. [120].
b See Ref. [140].

Shultz’s calculations, was found to be distinctly lower for PMMASs preparetdByOLi [123] than for

those prepared by BuLi; this fact can be a consequence of the complex formation between the living
chain-end and the residual alkoxide which restricts the reactivity of the chain end toward the carbonyl
group of the polymer.

As the polymerization is initiated biert-butoxide aniontert-butyl alcohol can be used as a chain
transfer agent. By this method, methacrylate oligomers with well-controlled chain length having accep-
tably narrov MWDs can be purposefully prepared [124,125]. These oligomers, as well as higher-
molecular-weight polymers, bear startitggt-butoxy groups from the initiator which can be selectively

80 r

Conversion, %
g8 3

w0
o o
T

60

0 I L a1
2 4 6
x, [{CH3)3CONa}/ [Na-ester]

Fig. 15. Conversion of MMA in the polymerization of the first and second doses of MMA with the sy&PrmNa-+

X t-[BUON4 vs x. Conditions:[MM Alret = [MMA Jgecong= 0.63 mol I'Y; mole ratio [MMA J</[tBPr-N& = 120; toluene;

20°C; time interval between the first and second doses was 15 min; overall polymerization time was 75 min. (Reproduced with
the kind permission of JPS, Polym Chem Ed 1979;17:1727.)
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Fig. 16. Transformed non-normalized SEC elution curves of PMMAs: (1) polymer formed by the polymerization of the 1st
MMA dose only; (2) polymer formed by the polymerization of the 1st and 2nd doses added within a time interval of 4 min; (3)
time interval 15 min. Elution curves were corrected for zone spreading of the fractions. For conditions see Fig. 15. (Reproduced
with the kind permission of Macromolecules 1994;27:4902.)

converted [126], e.qg. via trimethylsilyloxy end-group [127], to hydroxy groups according to Scheme 30.
Thus, poly(methacrylate)s prepared by a riedtalkoxide are excellent precursors toihydroxylated
polymers. Also, the alkoxides are less sensitive to protic impurities and their preparation and purification
are rather simple, so that they were successfully used for the anionic polymerization of various metha-

crylate esters [128-130] at room temperature.

3.2. Polymerization initiated by alkali metal ester enolates, effeterhlkoxides

As follows from the oligomerization studies (cf. Section 2), the properties of alkali metal ester
enolates, in particular, their fast reactions with methacrylates characterized by a minimum of side
reactions, allow them to be ideal initiators for the anionic polymerization of (meth)acrylate monomers.
This assumption was confirmed by the polymerization of MMA initiated with EIB-Li [131] giving at
room temperature a polymer in good yield and with a more or less broadened MWD (Table 10). Also, a
favourable effect of the alkoxides was fully confirmed here. In the presence of alkoxide, a higher limiting
conversion of a monomer was reached and the obtained polymer had a narrower MWD than that
prepared with a neat ester enolate in the absence of the alkoxide (Table 10). The effect of the alkoxide
increases with increasing concentration and also depends on the metal counter-ion and, to some extel
on the structure of the alkoxide. ThdBuONa and-BuOK or bulkier 3-MPeOLi (see Section 4.4) are
more effective than th&BuOLi. This is obviously associated with the lithium—heavier alkali metal
interchange (see Scheme 8) and with the finding that heavier alkali metal ester enolates exhibit in MMA
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Table 11
Microstructure of PMMA prepared using ester enolates as initiators, effet#rbbutoxides. (Reproduced with the kind
permission of Collect Czech Chem Commun 1977;42:1355)

Initiating systen Triads (%)
Iso Hetero syndio

EIB-Li 71 21 8
EIB-Li + t-BuOLi 74 19 7
EIB-Li + 3t-BuOLi 74 19 7
tBPr-Na 50 40 10
tBPr-Na + t-BuONa 28 39 33
tBPr-Na + t-BuONa 19 37 44
EIB-K 28 51 21
EIB-Li + t-BuOK 28 51 21
EIB-Li + t-BuONa 50 34 16
EIB-K + t-BuOK 30 49 21

2In toluene at 2€C.

polymerization more advantageous ratios of rate constants of propagation and self-termigéadjor (
is also known that the heavier alkali metal alkoxides incline more to various interactions than the lithium
analogues [132].

Generally, alkali metaert-alkoxides enhance the ratig/k;, so that their effect on polymerization can
be regarded as a stabilization of living growth centres. The concentration dependence of the stabilizing
activity of the alkoxide was tested in two-dose experiments using the syisBar®NatBPr-Na at
various mole ratios [133] (Fig. 15). MMA was polymerized in toluene at room temperature and the
second monomer dose was added 15 min after the addition of the first. The limiting conversion and
MWD of the polymer were then separately determined for the products of the first and the second
monomer doses. When initiated by the ester enolate alone, the limiting conversion of the first dose was
50% only and the second dose did not polymerize at all. With an equimolar mixture of both the
components, the first MMA dose polymerized up to 96% conversion and the second one to about
3%. When the ratio of alkoxide/enolate was 2, the first MMA dose polymerized completely and 30%
of the second monomer dose was also converted to polymer. The conversion of the second monomer
dose increases steeply with increasing alkoxide concentration up to the alkoxide/enolate ratio of about 4;
further increase in the alkoxide content had a much less pronounced effect.

Fig. 16 shows SEC eluograms of PMMAs prepared under conditions mentioned above with the
initiating complex alkoxide/enolate, mole ratio 6:1, with various time intervals between the monomer
doses. Curve 1 corresponds to a polymer prepared from one monomer dose only, curve 2 represents ¢
two-step polymerization, wherein the time interval between mononer doses was 4 min, and curve 3 is the
same but with the time interval of 15 min. The last eluogram is clearly bimodal and its lower-molecular-
weight peak corresponds to the polymer formed from the first dose only. The low-molecular-weight part
of this product represents the chains self-terminated within the given time interval and the high-mole-
cular part was formed by the “survived” centres. Curve 2 (4 min interval between the doses) is unimodal
with a maximum at higher molecular weights than curve 1 and is only slightly broadened towards the
lower-molecular-weight region. This indicates that with a six-fold excess of alkoxide and at room
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Table 12
Effect oft-BuOLi on stereoregularity of PMMA prepared with DPMLi in various solvents @8°C. (Reproduced with the kind
permission of Macromolecules 1994;27:4902)

Solvent Y? Triads (%)
Iso Hetero syndio
THF 1/0 1 21 78
1/1 1 19 80
1/10 1 19 80
Toluene 1/0 88 9 3
1/1 86 9 5
1/10 87 9 4
Toluene/THE 1/0 17 25 58
1/1.25 31 24 45
1/3 57 11 32
1/10 57 11 32

#Mole ratio DPMLit-BuOLiI.
9:1 (VIv).

temperature, most of active centres formed from the first monomer dose remain active after 4 min. It was
found in a separate experiment that polymerization of MMA under the conditions mentioned above is
completed within 15 s so that the lifetime of active centres is sufficient for quantitative polymerization of
a second monomer, which is a basic condition for synthesis of block copolymers (see Section 4.5). This
example demonstrates that, due to the stabilizing effeetrbhlkoxides, methacrylate block copolymers

can be prepared even at room temperature.

If polymerization of (meth)acrylates is initiated witBIB-Li, the resulting polymer chains bear a
startingtert-butyl isobutyrate unit which can be selectively hydrolysed to a carboxylic group. Again, the
method via a trimethylsilyl ester is the most convenient [127] being very selective and allowing the
remaining the ester groups along the chain, e.g. methoxy- or butoxycarbonyl, to be untouched.
Thus, the method leads to poly((meth)acrylate)s quantitatively functionalized with one carboxy group in
the a-position of each polymer chain [126FC NMR spectra of the functionalized polymethacrylate
and its precursor are virtually identical, the only difference being the total disappearance of the peak at
25.83 ppm {-Bu group) and the emergence of signal at 176.98 ppm which belongs to the free COOH
groups.

3.3. Microstructure of poly(methacrylate)s, effect of alkali mésat-alkoxides

As the microstructure of anionically prepared poly(methacrylate)s depends, among other things, on
the metal counterion [69,70], the effect t#rt-alkoxides on the stereospecific growth in the MMA
polymerization was investigated with respect to (i) permanent coordination of the alkoxide to the growth
centres and (ii) metal-metal interchange according to Scheme 8 (Table 11) [72]. The addition of
t-BuONa to the polymerization of MMA initiated with a sodium ester enolate causes a distinct decrease
in the isotactic triad content in the product in favour of syndiotactic ones. AsBwONa itself (see
above) gives highly syndiotactic PMMA, this finding proves the above mentioned permanent coordination
of active centers with the added alkoxide. On the contrary, the microstructure of PMMA polymerized
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Table 13

Rate constants of propagatidg)(and self-terminationk)); number-average degrees of polymerizatidét);(concentrations of
active centres, B'); initiator efficiencies(f = [P*]/[l],); andM,,/M,, ratios in the polymerization dtBuA in THF at 20C,
initiated withtBIB-Li in the absence and presence of LiCl arBuOLi. (Reproduced with the kind permission of Makromol
Chem 1992;193:101)

No additive LiCl t-BuOLi
Kappo (s~ 1)? 48.0 14.4 0.23
10 %k, Imol's™ 425 11.4 0.17
ke (s7HP 0.75 0.75 0.25
10% k/k, (mol 17 0.02 0.07 0.68
k (sH° 6.0 2.8 -
10% k/k, (mol 174)° 0.14 0.25 -
P, 177 158 146
10% [P*] (mol 17} 1.13 1.27 1.37
F 0.28 0.32 0.34
M,/M, (crude polymer mixturé) 1.35 1.08 1.77

?Initial slope of the first-order time—conversion plét;,0 = ky[Plo.
® Determined from the fraction d-ketoester end-groups by UV spectroscopyi(Ag — A)/(Ar — A«.) = kit, whereA is

absorbance at 265 nm.
¢ Determined from the curvature of time—conversion plots.
¢ At full monomer conversion.

with lithium or potassium ester enolates can be only moderately affected by an addition of the corre-
sponding alkoxide [73]. If, however, a heavier metal alkoxide interacts with the lithium enolate before
polymerization, the microstructure of the formed PMMA nearly corresponds to that of PMMAs prepared
with heavier metal enolates themselves. Again, this fact proves metal-metal interchange between enolate
and alkoxide according to Scheme 8.

Lithium initiators in toluene impart to PMMA a prevailingly isotactic microstructure depending only
slightly on the other reaction conditions (initiator type, temperature, etc.) [72]. The effect of the added
Li-tert-alkoxide is also rather small in this case. In THF, a highly syndiotactic product is formed. If,
however, MMA is polymerized by DPMLi in a mixture toluene/THF 9/1 (v/v), the originally low content

Table 14

M, and M,,/M,, values of poly(-BuA) prepared by anionic polymerization. Effects of additives and method of preparation
(conditions: [t-BuA], = 0.20 mol I"%; [tBIB-Li]y = 0.004 mol I'%; [LiCl], = [t-BuOLi], = 0.012 mol I'%; in THF at 20C;

time 5 min). (Reproduced with the kind permission of Makromol Chem 1992;193:101)

Additive  Flow tube reactor Tank reactor Ampoules
Crude mixture Precip. polymer Precip. polymer Crude mixture Precip. polymer
VR Mo/My, M, My/M, M, Mo/M, M, Mo/M, M, My/M,,
- 20930 1.42 28 700 1.17 29 300 2.03 15600 2.52 24 300 1.87
LiCl 19530 1.10 20 980 1.06 30 800 1.69 9500 2.16 - -

t-BuOLi 17 600 1.79 31 440 1.26 13 600 3.38 14600 3.88 - -
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Fig. 17. Effect oft-BuOLi concentration on the microstructure of PMMA prepared by DPMLi in toluene/THF mixture 9/1 (v/v)
at —78C.

of isotactic PMMA can be distinctly enhanced by the additiont-BLOLI as is seen from the data in
Tables 12—-14. Isotacticity of the polymer increases with increasing concentration of the alkoxide up to
the DPMLIit-BuOLi ratio of 3; further addition of the alkoxide has no effect (Fig. 17). As the alkoxide
forms with a living chain complexes of various composition (cf. Section 2.3), it can be assumed that
these complexes control stereochemistry of the growing polymer. Thus, in a medium of moderate
polarity, aggregation/complexation equilibria play an important role because ligand-complexed non-
aggregated and aggregated species can produce different types of stereospecific addition of monome
This is roughly described in Scheme 31, wheré) @hd (P)y, represent free and associated species,
respectively,L is ligand andM monomer,m andr are mese and racemoearrangements. The other
ligands act in this sense in a rather different way as will be mentioned in Section 4. In principle, this
idea is based on the “multistate mechanism” according to Coleman [111] aher N838,84].

4. Polymerization of acrylate esters assisted witkert-alkoxides

The anionic polymerization of acrylic esters is more complex than that of methacrylates as a conse-
guence of their high tendency for side reactions, including a reaction of organometallic initiator with the

*

r r'agg
. Kagg .

m* ' m"agg

Kc KC

r . I agg

K'agg .
M +mL.(P*) === nL.(P)ggg + M
m* m*agg

Scheme 31.
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Table 15

Polymerization of EtHA with BuLi; effect of solvent, temperature, and alkoxide addifietiHA], = 0.961;[BuLi]y, = 0.0096;
[t-BuOLily = 0.0577 mol I'Y). (Reproduced with the kind permission of JPS, Polym Chem Ed 1990;28:2917 and
1992;30:1511)

Solvent Temperaturé€)  Time (min) X, (%)  M,x103(calc) M,x10°(SEC) M,/M,x 103

Toluené  —78 60 36 6.6 13.6 7.87
Toluene —78 120 100 18.4 55.3 2.50
Toluene -60 60 100 18.4 48.7 3.51
Toluene —-20 60 95 17.5 44.1 3.33
Heptane —-60 120 95 17.5 158.6 2.57
Heptane -20 60 85 15.6 37.0 3.83
THF —60 60 67 12.4 19.0 2.70
THF? —60 100 13 2.4 11.9 3.50
3:7¢ -60 100 80 14.8 275 2.22
(5:5F° —60 120 87 16.1 26.0 2.48
(9:2) —-60 30 99 18.4 28.5 2.08

2 |nitiated with neat BuLi without-BuOLi.
® Polymodal MWD.
¢ Mixture toluene/THF (v/v).

acid hydrogen in thex-position [7]. In fact, untill recently, only the polymerization of acrylate esters
having a-branched alkoxy groups was successful [102,135], whereas the polymerizatioallofi
acrylates self-terminated at low conversions giving inhomogeneous products with broad MWD values
[103]. Therefore, an attempt was made to use alkoxide-containing complex initiators for a controlled
synthesis of polyacrylates, in particular those with less or non-branched alkyl groups which—among
others—are used in a number of technological applications [6].

4.1.tert-Butyl acrylate

The investigation of-BuA polymerization in THF at room temperature using the above mentioned
flow tube reactor was focused mainly on the kinetics of the process and on the yields and MWD of the
product [19,110]. The polymerization initiated tBIB-Li at room temperature with or without additives
is very fast, reaction half-times being 0.01 s for the system without additive, and 0.05 or 3 s for the
systems containing LiCl arBuOLi, respectively. The rate of self-termination was estimated using UV
absorption at 260 nm, which is caused by the enolized form of cyclic ketoester (see above). The rate
constants of propagation and self-terminatignandk;, obtained from these data are summarized in
Table 13. The DP of the formed polymer depends linearly on the monomer conversion, hoMgver;
values indicate low initiating efficiency of the enolate (about 30%), which can be only slighly influenced
by the additives. The MWDs of the products are narrow even when measured in crude polymerization
mixtures, theM,,/M,, values being 1.42, 1.10 and 1.79, respectively, for polymers prepared without any
additive and in the presence of LiCl ark8uOLi, respectively (Table 14). The dependence of MWDs of
the polymers on the composition of the initiator is the same as was described in the oligomerization
studies (cf. Section 2.7). Experiments in a flow tube reactor were compared with polymerizations
performed in ampoules or in a stirred tank reactor (see below) under otherwise identical conditions
with the reaction time 300 s (Table 14). Considering the sum of the polymer soluble and insoluble in a
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Fig. 18. Conversion curves of the EtHA polymerizations-&0°C: (1) initiated with BuLi in THF; (2) with the complex BuLi/
t-BuOLi 1:6 in THF; (3) in toluene/THF mixture 3/7; (4) 5/5; and (5) 9/1. For other conditions, see Table 15. (Reproduced with
the kind permission of JPS, Polym Chem Ed 1992;30:1519.)

precipitant, the conversion of the monomer was 100% in all cases. MWD of the polymer prepared in the
flow tube reactor is distinctly narrower than those of the products synthesized in a tank reactor or in
ampoules. This is obviously due to a very rapid mixing of reaction components in a flow tube reactor
having a considerable effect on the polydispersity of the product in such a rapid polymerization. In
polymerizations with lower reaction rates, e.g. at low temperatures, the effect of mixing is not as
significant.

Table 16
Polymerization of EtHA initiated with-BuOLi in THF ((EtHA], = 0.96; [t-BuOLi], = 0.058 mol I'}). (Reproduced with the
kind permission of JPS, Polym Chem Ed 1992;30:1519)

Temperature°C) Time (min) Conversion (%) SEC

EtHA t-BuOLi M, x 10! Mw/M;,

20 0.5 3.7 - 11.1 1.72
20 60 28.6 - 4.6 1.88
0 5 17.5 6 12.6 1.76

0 180 60.1 24 8.5 1.84
-20 10 10.9 5 25.7 1.90
-20 300 89.3 17 16.5 2.26
—60 10 1.9 - 8.3 2.5
—60 290 10.6 8 11.8 4.08

2Polymodal MWD.
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Fig. 19. Conversion curves of the EtHA polymerization intiated wiBuOLi in THF at various temperatures: (1)°209 (2)
0°C; (3) —20°C; (4) —60°C, conditions see Table 16. (Reproduced with the kind permission of JPS, Polym Chem Ed
1992;30:1519.)

4.2. 2-Ethylhexyl acrylate

4.2.1. Polymerization with butyllithium and/or lithiutart-butoxide

First experiments were performed using BuLi as an initiator in the presence or abseiBtedifi and
the effects of the reaction temperature and medium were studied [136,137]. In neat toluene or heptane,
monomer is converted virtually quantitatively, though the formed polymers have broad MWDs and the
effectivity of BuLi is low, as estimated from molecular weights (Table 15). In neat THF, conversion is
limited to a low degree and the best results were obtained in a mixture toluene/THF, containing 10% v/v
THF only. The conversion curves in Fig. 18 clearly indicate a non-negligible extent of self-termination
in all referred experiments which is, however, distinctly dependent on the reaction medium used.
Polymerizations were performed in a stirred tank reactor allowing for a rapid mixing of pre-cooled
reaction components and sampling at chosen time intervals. FrotH #red **C NMR and IR spectra of

40K

M, x 103
Py

20+ \O\.L

100
0 X C (%]

Fig. 20. Dependence ™, of poly(EtHA) prepared by-BuOLi on the monomer conversional0’C (1) and OC (2), for other
conditions, see Table 16.
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Fig. 21. Conversion curves of the EtHA polymerization-8&0°C: (1) initiated with a neatBIB-Li in THF; (2) with the tBIB-
Li/t-BuOLi complex 1:3 in THF and (3) in toluene/THF mixture 9fEtHA], = 0.961 mol I'%; [tBIB-Li], = 0.0096 mol ',
(Reproduced with the kind permission of Makromol Chem 1993;194:841.)

poly(EtHA), prepared in a mixture toluene/THF 9/1, it seems very likely that the chain propagation is
self-terminated mainly by a “back-biting” reaction. This is corroborated by the fact that the polymers
absorb in the UV region at 260 nm. Terminal unsaturation in the polymer molecule possibly caused by
transmetallation of monomer wa-position or by termination via the reaction of the propagating chain-
end with carbonyl group of the monomer was not found in the spectra and does not seem probable. Also.
the polymer does not contaiart-butyl groups in detectable amounts. This means that the polymeriza-
tion is initiated exclusively by BuLi and, moreover, transesterification of polymer or monomer by the
alkoxide can be neglected.

Regardless of the foregoing findings tid@uOLi virtually does not initiate MMA polymerization at
low temperatures [122], the polymerization of EtHA by ne&uOLi was studied in a separate paper
[138]. It follows from the results in Table 16 and Fig. 19 that the polymerization initiated with alkoxide
proceeds much more slowly than with BuLi and the reaction rate distinctly decreases with decreasing
reaction temperature. In addition, the molecular weight of the polymer decreases (see Fig. 20) with
increasing monomer conversion which, together with the time dependence of the alkoxide consumption,

Table 17
Molecular weight control in polymerization of EtHA initiated with compleB-Li/t-BuOLi 1:3. (Reproduced with the kind
permission of Makromol Chem 1993;194:841)

Run  [EtHAL (moll™)  [Ml/[lly, Time(s) X, (%) M, x 10 3(theor) M, x10 3 (SEC)  M,/M,

1 0.240 14 60 100 2.73 3.7 1.13
2 0.240 25 60 100 4.75 7.6 1.04
3a 0.240 50 40 67 6.31 13.6 1.08
3 0.240 50 120 100 9.35 21.0 1.07
4 0.721 75 120 >99 13.96 25.2 1.08
5 0.961 100 120 >99 18.55 34.2 1.07
6 1.201 125 300 >99 23.17 40.1 1.08
7 0.961 160 600 99 29.59 55.0 1.15
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Fig. 22. Dependence of thd, values of poly(EtHA) prepared with the complé&IB-Li/t-BuOLi 1:3 (m/m) on the ratio
[EtHA] o/[tBIB-Li] o. For conditions, see Table 17. (Reproduced with the kind permission of Makromol Chem 1993;194:841.)

indicates a slow initiation reaction. Thus, the alkoxide in the complex initiating systems actually acts as a
stabilizing additive only whereas its direct participation in the initiation step is negligible.

4.2.2. Polymerization with lithium ester enolates

If initiated with a less nucleophilic ester-enolate, nant@iB-Li at low temperatures, the polymer-
ization of EtHA gives markedly better results [139]. Again, the favourable effect of the alkoxide addition
is clearly seen by comparing the conversion curves 1 and 2 in Fig. 21; nevertheless, the extent of self-
termination strongly depends on the polarity of the polymerization medium. Under optimized reaction
conditions, i.e. initiation with the compleBIB-Li/t-BuOLi 1:3 (m/m) at—60°C in the mixed solvent
toluene/THF 9/1 (v/v), the molecular weight of pEtHA can be controlled by varying the [E{HBIB-
Li], ratio in a range exceeding one order of magnitude [140], keeping MWD narrow as documented in
Table 17. The molecular weight of the formed polymer (determined by SEC [141]) linearly increases

€ 407 -
o

30 -

20 4

0 25 50 75 100
Xp in %

Fig. 23. M, of poly(EtHA) vs. monomer conversion. The numbers of plots correspond to the runs in Table 17. (Reproduced with
the kind permission of Polym Bull 1993;31:393.)
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Table 18
Effect of reaction temperature on the polymerization of EtHA initiated wBiB-Li/ t-BuOLi complex. (Reproduced with the
kind permission of Collect Czech Chem Commun 1993;58:2565)

Run  Temperature’C) X, (%) M,x10° MM, klmol*s? Kkx10s™* Ko/ke X 103 mol

12 —72 100 26.1 1.13 4.72 0.48 9.79
22 —60 100 21.3 1.05 13.58 4.79 2.3
3° —60 100 20.6 1.09 10.11 5.36 1.89
42 —40 79 36.2 1.23 24.08 14.71 1.64
5P —40 90 35.4 1.24 26.74 13.46 1.99
62 -20 42 26.7 1.31 42.54 52.54 0.81
7° —-20 77 18.0 1.31 31.26 39.07 0.80
8P 0 50 7.9 2.06 ~50 ~200 0.25

2 [EtHA]o = 0.24 mol I"%; [tBIB-Li]g = 4.8 mmol I"%; time 10 min; mole ratiqtBIB-Li]o/[t-BuOLi]y:1/3.
b [EtHA], = 0.24 mol I'%; [tBIB-Li], = 4.8 mmol I%; time 10 min; mole ratiqtBIB-Li]/[t-BuOLi]y:1/10.

with increasing the molar ratio of the starting concentrations of monomer and initiator; this plot is
demonstrated in Fig. 22.

The plot also indicates non-quantitative but virtually constant efficiency of the initiator in the chosen
range of concentrations. From the ratios of calculated vs. deternMpedlues, the average initiator
efficiency of ~50% can be estimated. The MWD of the formed polymer does not depend on the
monomer conversion (Table 17, runs 3a, 3) and its molecular weight linearly increases with the mono-
mer conversion (see Fig. 23). These facts indicate a very low extent of self-termination during propaga-
tion and, at the same time, a sufficiently higher rate of initiation than that of propagation fCtN&R
spectra of the p(EtHA) with a relatively low molecular weight (Table 17, run 1), the signal déthe
butyl group methyls ab = 26.11 ppm as well as the band of the isobutyrate carbonyl group=at
17414 are clearly present. The intensity of the former relative to the adjaceptsigHals of the
2-ethylhexyl groups corresponds to the monomer /initiator ratio 19.35, which is in an excellent agree-
ment with the value obtained fromd,, determined by SEC (see Table 17, run 1). Consequently, the
transmetallation reaction between initiator and monomer can been excluded because such a reactio
would introduce terminal vinyl groups into the polymer, lowering at the same time the content of
isobutyrate units. This corresponds to the results of model reaction of Li ester enolate and non-metalatec
ester [101]. Moreover, no signals for the vinyl group were observed in the spectrum. The reliability of
such measurements of the initial group content was verified b{’éhMR spectra of PMMA, prepared
with t-BuONa initiation. Here again, the Gldignals of theert-butoxy group appear &= 26.11 ppm
and their intensity corresponds to the number-average molecular weight of the respective polymer. Thus,
under the reaction conditions given above, initiation proceeds exclusivelBlBsLi whereas the

* * M * M * M
P+ M—> PR —> P3’ ——> P4 ——> etc.
ki kp2 kp3 kpa
lkts k4
Pat P4t

Scheme 32.
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M= ([Mlo-[I"T) exp (-{1-exp () kp [I" 1/ ky)
Scheme 33.

alkoxide lowers the rate of self-termination and does not participate in the initiation step directly. This
conclusion is corroborated by the results of the EtHA polymerization initiated by &-Be®Li[138] as
discussed above.

EtHA polymerization initiated with theéBIB-Li/t-BuOLi complex was investigated also at various
temperatures [142] mainly for reasons of possible applications. The results are summarized in Table 18.
The rates of both propagation and self-termination were calculated on the basis of Scheme 32 which isin
fact a simplified Mller's Scheme 27. Heré; denotes effective initiator, M monomer; Rving chains,

P’ terminated chainsy;, k, andk; rate constants of initiation, propagation and self-termination reac-
tions, respectively. In Scheme 32, the initiation step was assumed instantanedusgi@l to infinity,

all propagation(ky) and terminatiorik;) constants independent pfvhich is in agreement with the fact

that MWD of the polymers is narrow and rather independent of the monomer conversion. To simplify
mathematical treatment, it was also assumed that the living digneelRterminates with the same rate

as longer chains; the error due to this assumption is negligible. Under these assumptions, the following
equation for the monomer concentratidvi][at reaction timet was obtained (Scheme 33). If the self-
termination is caused mainly by the back-biting reaction mentioned above, i.e. chain cyclization, the
result of the polymerization depends on the rates of competing propagation and cyclization reactions,
which are given by the equations in Scheme 34, whéfgdenotes the concentration of active species.

However, in acrylate polymerization, self-termination probably also involves protonization of living
chains by acidic hydrogen of the above mentioned enol form of the cyclic oxo ester [18,19]. In contrast
to monomolecular cyclization, this type of self-termination is a bimolecular reaction and thus does not
follow Scheme 33 exactly. Its rate depends on the equilibrium fraction of the enol form in the system and
on the rate of protonation reaction, which is assumed to be very fast. This consideration is based on the
results of the foregoingBuA polymerization study [19] where a difference was found between the rate
constants of self-termination calculated either from the curvature of semilogarithmic conversion curves
or from the absorbance of the products at 260 nm. Moreover, the concentration of oxo ester groups was
found to be lower than the total concentration of all polymer chains.

4.3. Butyl and ethyl acrylates

Compared with EtHA, BUA is expected to have a higher tedency for side reactions, in particular, for
self-termination by back-biting reaction. Thus, this monomer was studied [143] using the information
obtained in the foregoing EtHA polymerization. Initiated with nE3B-Li in a mixed solvent toluene/

THF 9:1, polymerization of BUA proceeds to a very low monomer conversion only, producing polymer
with a very broad MWD, see Fig. 24, so that a high extent of self-termination can be reasonably
assumed. A three- or ten-fold excess-&uOLi over the initiator leads to a dramatical improvement;

= kp[C1 IMJ; n =kt [C7]

propagation autotermination

Scheme 34.
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Fig. 24. InM]¢/[M] vs. time plots of the polymerization of BUA in toluene/THF mixture 9/1-&0°C initiated with (1)tBIB-
Li; (2) tBIB-Li/t-BuOLi 1:3; (3) dtto 1:10. (Reproduced with the kind permission of Polym Bull 1993;31:393.)

Table 19

Effect of reaction temperature, solvent and composition of initiating complex on the BUA polymerization of butyl acrylatei-
nitiated with complexBIB-Li/t-BuOLi ([BuA]y = 0.351 mol [; tBIB-Li]o~7.02 mmol I; time 10 min (runs 1-5), 5 min (runs
6—15)). (Reproduced with the kind permission of Polym Bull 1993;31:393)

Run A* BP° Temperature X, (%)  M,x107° M, /M, k kx10® Kk x 107"
(°C) (I.mol™ts™) (s} (Imol™h

1° 10 10/0 —60 >99 11.5 2.67

2 10 191 -60 100 12.2 1.18

3 10 91 —60 100 11.0 1.23

4° 10 0/10 —60 67 11.8 1.73

5f 10 191 -60 100 5.6 1.12

6 10 191 -69 100 14.6 1.18 15.71 6.0 2.62
7 10 191 -59 100 11.3 1.13 26.17 15.3 1.74
8 10 191 -4 93 12.1 1.38 55.55 76.2 0.73
9 10 191 -22 920 10.0 1.55 52.36 95.6 0.55
10 10 91 -71 100 13.0 1.21 12.64 35 3.61
11 10 91 -62 100 10.8 1.14 24.84 15.8 1.71
12 10 9/1 —40 58 18.1 1.71 51.88 99.9 0.52
13 3 91 -69 100 13.6 1.27 17.40 5.8 3.00
14 3 91 —60 100 13.2 1.22 22.67 13.6 1.78
15 3 91 -41 70 12.8 1.79 41.84 108.0 0.39

2Mole ratio [t-BuOLi]y/[tBIB-Li ],.
® Toluene/THF (V/v).

¢In toluene, initiated with EIB-Li.
4Polymodal MWD.

¢In THF.

f[BuA], = 0.213 mol I.
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Fig. 25. InM]y/[M] vs time plots of the BuA polymerization in various solvents. The numbers of plots correspond to the runs in
Table 19. (Reproduced with the kind permission of Macromolecules 1994;27:4881.)

the monomer is quantitatively converted to the polymer with a narrow MWD, slightly narrower if the
alkoxide concentration is higher. The polarity of the reaction medium distinctly affects the course of
polymerization, which is documented by Table 19 and Fig. 25. In neat toluene, the non-linear shape of
the semilogarithmic conversion curve indicates slow initiation reaction and, consequently, the formation
of polymer with a broad and polymodal MWD. Similarly to the EtHA polymerization, highly polar THF
supports self-termination by a back-biting reaction so that the BuA polymerization stops at a low
monomer conversion producing polymer with a broad MWD. As can be seen from Fig. 25, Runs 2
and 3, lowering the content of polar THF in reaction mixture from 10 to 5% (v/v) leads to a slightly lower
extent of self-termination and to the formation of products with a narrower MWD.

Under the optimized reaction conditions, i.e. tBiB:t-BuOLi mole ratio 1:10 and in a mixed
solvent toluene/THF 19/1 (v/v) at60°C, reaction orders of the polymerization with respect to the
initial concentrations of monomer and active centers were determined to be unity [144]. The initial

Table 20

Influence of starting concentrations of monomdi{and initiator |], on the anionic polymerization of butyl acrylate (reaction
conditions:[tBIB-Li]o/[t-BuOLi]o = 1: 10; toluenéTHF = 19/1 (v/v); T = —60°C; time 5 min). (Reproduced with the kind
permission of Macromolecules 1994;27:4881)

Run Mo (mol 1Y) [1]o (mmol 1Y) X, (%) M,x 1073 MM, k,(Imol *s™) kx1073 (s kyk x 107 (mol™?)

1 0.098 7.02 100 2.8 1.09 25.15 - -

2 0.213 7.02 100 5.9 1.07 21.61 15 14.31
3 0.315 7.02 100 11.3 1.13 26.17 10.0 2.42
4 0.729 7.02 92 17.7 2.07 30.06 41.3 0.73
5 0.351 0.23 12 5.6 1.53 24.49 26.2 0.94
6 0.351 0.35 90 26.5 1.52 22.53 15.4 1.47
7 0.351 11.70 100 6.6 1.09 29.20 23.7 1.33
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Fig. 26. IMM]y/[M] vs time plots of the BuA polymerization at: (})70°C; (2) —60°C; (3) —40°C; for other conditions see,
Table 19. (Reproduced with the kind permission of Polym Prepr (Am Chem Soc, Div Polym Chem) 1997;38(1):491.)

concentrations of the monomer and initiator varied in the range 0.098-0.729 and 0.0003-
0.0117 mol I'', respectively. The reaction orders were calculated from the rate equation assumed for
the initial stage of polymerization (Scheme 33) with instantaneous rate of initiation and virtually zero
rate of self-termination. It was also found, thgvirtually does not depend on the starting concentrations
of reaction components wherelggistinctly increases with increasing monomer concentration (Table
20). The idea that this phenomenon can be caused by the increasing polarity of the medium due to &
higher monomer concentration has not been experimentally verified because substitution of part of the
monomer by its saturated analogue (isobutyrate) did not affect markedly the rate of self-termination.
Moreover, in the systems with highgvl]y/[I], ratios, the limiting conversion decreases and MWD of
the product broadens, so that the best results gives the systems in which this ratio does not exceed 5(
Both these facts indicate that the polymerization is complicated by a number of processes some of thern
being not yet known.

The temperature dependencegphndk, together with limiting conversions and molecular weights for
BUA polymerization are summarized in Table 19. Similarly to EtHA, also in this dass, more
temperature-dependent thign so that with increasing reaction temperature the extent of self-termination

Table 21
Polymerization of ethyl acrylate wittBIB-Li/t-BuOLi complex (EtA]o = 0.35 mol [ [EtA]o/[tBIB-Li]g = 50:1). (Repro-
duced with the kind permission of Polym Prepr (Am Chem Soc, Div Polym Chem) 1997;38(1):491)

Run T (°C) Y (mol)? X, (%) M, (calc) SEC

M, M,,/M,,
1 -60 1:10 80 4114 15100 1.43
2 —-69 1:10 100 5143 11800 1.09
3 -70 1:3 62 3188 14800 1.57

4[tBIB-Li ]o/[t-BuOLi]y mole ratio.
P Calculated with Mark—Houwink constants for PMMA.
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Fig. 27. Semilogarithmic conversion plots of EtA polymerization initiated wiHB-Li/t-BuOLi complex. The numbers of
plots correspond to the runs in Table 21.

increases markedly. At40°C, the limiting conversion of BuUA is only 90% and MWD of the formed
polymer broadens attaining the value Mf,/M,, = 1.38. The increasing extent of self-termination at
higher reaction temperature is also clearly seen from the semilogarithmic conversion plots in Fig. 26,
and, it is even more distinct if the polymerization is performed in a medium with higher polarity (cf.
Section 2.5.1). The variation of the ratio of initiator components does not markedly affect the course of
polymerization (see Table 19).

The polymerization of EtA was studied under the same conditions as that of BUA, discussed above. In
toluene/THF mixture 19/1 (v/v), initiated with the compl#dB-Li/t-BuOLi 1:10, EtA polymerizes at
—70°C quantitatively with a high reaction rate, producing polymer with a narrow MWD [145]. Higher
reaction temperature as well as a lower excess of the alkoxide over the initiator both lead to a low

4,0
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Fig. 28. Arrhenius plots df, (a) andk; (b) of the polymerization of BUA (1) and EtHA (2) initiated with the syst#BiB-Li/ t-

BuOLi 1:3 (EtHA) or 1:10 (BuA) in toluene/THF mixture 9/1 (EtHA) or 19/1 (BuA). (Reproduced with the kind permission of
Polym Bull 1995;34:1.)
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Table 22
Polymerization of acrylic esters with the syst¢éBiB-Li/3-MpeOLi. (Reproduced with the kind permission of Polym Bull
1995;34:1)

Run Ester A2 Temperature°C) Time (s) X; (%) SEC
M, x 1073 My/M,,

1 EtHA® 1/1 —40 300 75 14.8 1.63
2 EtHA 1/2 —40 600 >99 15.8 1.16
3 EtHA 1/3 —40 1200 >99 27.9 1.23
4 EtHA 1/3 -20 600 87 14.8 1.71
5 EtHA 1/6 -20 300 99 10.0 1.33
6 BuA’ 1/10 —40 600 100 9.6 1.19
7 BuA 1/3 —40 600 >99 10.6 1.28
8 BuA 1/10 -20 600 >99 9.0 1.32

2Mole ratio [tBIB-Li]¢/[3-MPeOLil,.

b [EtHA], = 0.48 mol I'%; [tBIB-Li ], = 9.6 mmol I'%; toluene/THF 9/1 (V/V).
¢Bimodal MWD.

d[BuA]y = 0.35 mol I'%; [tBIB-Li ], = 7.0 mmol I%; toluene/THF 19/1.

limiting monomer conversion, lowering the initiator efficiency and broadening MWD (Table 21). The
semilogarithmic conversion plots in Fig. 27 document the non-negligible extent of self-termination even
under optimized conditions, in particular, at higher monomer conversion. The increasing extent of self-
termination with increasing reaction temperature and/or in a system with teBtgdLi concentration is
also apparent from the plots. From the results of Run 2 in Table 21, initiator efficiency can be roughly
estimated to be about 50%, i.e. the same as that found in the foregoing polymerizations of EtHA and
BuA.

It is obvious from a comparison of the results of the polymerizations [139,140,142—-147] of EtHA,
BuA, and EtA, as well as from results of the foregoing studies of acrylate anionic polymerization

0.015

0.010 2

dw/dlog(M)

0.005} :

0.000

3 4 5
log(M)

Fig. 29. MWD curves of poly(EtHA) prepared bBIB-Li in the presence of various concentrations of 3-MPOLi. The numbers
of curves correspond to the runs in Table 22. (Reproduced with the kind permission of Polym Prepr (Am Chem Soc, Div Polym
Chem) 1997;38(1):446.)
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[102—-104] that the tendency for a back-biting self-termination increases markedly with decreasing
length and branching of the alkoxy group in the acrylate ester. Thus, the rate corkgtantbk; in

the polymerization of BuA depend on reaction temperature more steeply than in EtHA polymerization,
which is documented by Arrhenius plots in Fig. 28.

4.4, Polymerization of acrylates in the presence of lithium 3-methyl-3-pentoxide

As low-temperature polymerizations bring about complications and additional costs when applied in
technology, an attempt was made to find out an initiation system with a stabilizing efficiency high
enough for temperatures ovei50°C. For this reason 3-MPeOLi was tested [148] insteattBAOLI
in a combination withBIB-Li. The results of EtHA and BuA polymerizations initiated with this system
at —40 and—20°C are summarized in Table 22. The addition of 3-MPeOLi lowers the overall poly-
merization rate more tharBuOLi, see Figs. 21 and 29, so that, e.g. in the presence of three-fold excess
of 3-MPeOLi over the initiator, EtHA is completely consumed-at0°C after 20 min (see run 3, Table
22) and the product has ti&,/M,, ratio 1.23. Equimolar amounts of 3-MPeOLi (run 1 in Table 22) has
not sufficient stabilization efficiency in the EtHA polymerizations-a40°C, so that the attainable
conversion is 75% only and the formed polymer had a broad MWD with a clear hint of bimodality.

A sample, which was withdrawn from the reaction mixture and protonized before the limiting conver-
sion was reached had distinctly bimodal MWD (curve 1, Fig. 29). This phenomenon indicates the
simultaneous existence of terminated and non-terminated active centres in the system, so that the
given MWD curve is a superposition of the “living” and “dead” fractions. Similar MWD curves were
calculated theoretically from kinetic equations for EtHA polymerization assuming non-zero rate of self-
termination [149].

To prepare poly(EtHA) with a comparable MWD-aR(’C, the content of 3-MPeOLi in the initiating
system must be enhanced because a three-fold excess of the alkoxide does not sufficiently stabilize the
active centres at this temperature. If, however, the polymerization is initiated with the syBtBrbL{] o.
[3-MPeOLilp = 1: 6, virtually all monomer is converted to the polymer with a narrow MWD (see Table
22, runs 4 and 5).

As has been shown earlier, BuA requires a more efficient stabilization of the active species to reach a
“living” polymerization process, especially, at relatively higher temperatures—#@C, initiating
systems with ten- or three-fold excess of the alkoxide polymerize BUA quantitatively within 10 min;
those with a mole ratiotBIB-Li] o/[3-MPeOLi], of 1/10, however, give the polymer with a narrower
MWD. The same system, when used-a20°C, gives the monomer conversion over 99% within the
same time interval as in the former case producing a polymer with slightly broadened MWD. The results
are given in Table 22, runs 6-8, indicating that the stabilizing efficiency of alkali netiahlkoxides
depends, at least to some extent, on their chemical structure and bulkiness.

4.5. Synthesis of block copolymers with (meth)acrylate blocks

It was shown in Section 3.2 that in the polymerization of MMA initiated with Na ester enolate in the
presence of-BuONa, the active centres are sufficiently stabilized. This feature is well applicable to
synthesis of methacrylate block copolymers and, therefore, diblock poly(BoMMA) was prepared
in this way [133]. BUMA was polymerized first by the complex EIBi£BuONa with mole ratio 1:6 in
toluene at room temperature for 4 min. Then, a solution of MMA was added and left to polymerize for
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Fig. 30. MWD curves of poly(Sb-BuMA) (B) and corresponding poly(St) (A); first run, Table 23. (Reproduced with the kind
permission of Polymer 1993;34:2875.)

one hour, again at room temperature. The block character of the product was verified by extractions with
selective solvents, by NMR analysis and by dynamic mechanical measuretegrgkoxide-assisted
polymerization can also be used for the synthesis of block copolymers with acrylate blocks (see below).
Living poly(St), prepared by BulLi is capable of initiating polymerizationt-®&uA at —60°C in the
presence of-BuOLi producing poly(St-t-BuA) with a narrow MWD similarly to TeyssSle system
with LiCl ligand — see Section 5.1. In the first experiments, the THF solutianBafOLi was added
immediately before an addition of the acrylate [150] into the living poly(St) solution prepared in the first
step. As it was published earlier that various BuLi/BuOLi mixed complexes can polymerize non-polar
vinyl monomers [151,152], an attempt has been recently made to polymerize styrene withBRuDL/i
complex in THF at low temperatures [126] to prepare a macroinitiator for methacrylate block copoly-
merization. The process is rather fast and the formed pSt has MWD slightly broadened toward low-
molecular-weight region (Fig. 30). This likely indicates lowering the initiation rate by the alkoxide,
which is in accordance with literature [153]. THi®uOLi-ligated pStLi initiates quantitative poly-
merization of methacrylate producing block copolymers with good parameters; the system does not

Table 23
Block copolymers prepared with BultiBuOLi complex in THF. (Reproduced with the kind permission of Polym Prepr (Am
Chem Soc, Div Polym Chem) 1997;38(1):446)

Monomers Homopolymer Block copolymer

SEC SEC NMR
M, M, My/M, (m/m)  Mpx10°  MJ/M,  M,x10  My/M, m/m, (m/m) M, x 1073
St BuMA 1:1 18.5 1.18 39.1 1.20 1.08:1 41.8
St BuMA 1:1 17.9 1.20 36.5 1.23 0.96:1 43.3
St BuMA 1:1 17.7 1.32 36.6 1.34 1.04:1 40.9
Styg” MMA 6.5:1 65.7 1.12 73.5 1.12 6.6:1 74.5
St t-BuA 10:1 9.7 1.25 11.3 1.25 - -

2t-BuOLi added: before styrene.
®t-BuOLi added: simultaneously with styrene.
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Table 24

Synthesis and characterization of acrylate block copolymers. (Reproduced with the kind permission of Macromolecules
1995;28:7662)

[M4] (mmol) [My] (mmol) Initiator (mmol) At (min) Homopolymer Copolymer

M, (SEC)  M,/M,  M,(SEC)  M,/M,

St t-BuA BulLi

39 41 0.78 30 4300 1.23 10510 1.27
t-BuA EtHA tBIB-Li

39 38 0.78 8 13620 1.06 30230 1.08
39 38 0.39 30 26170 1.06 63000 1.17
t-BUA BuA tBIB-Li

40 35 1.2% 7 8560 1.09 13850 1.25
40 41 0.8f 20 14870 1.05 20300 1.37

2Mole ratio [Init]y/[t-BuOLi]y: 1/6.

® Mole ratio [Init]y/[t-BuOLi],: 1/3.

°By C NMR: mole ratiot-BuA/EtHA = 0.76;M(NMR) = 75 600.
4 From *C NMR: mole ratiot-BUA/BUA = 1.1; My(NMR) = 16 300.
¢Mole ratio [Init]y/[t-BuOLi]y: 1/10.

require usual modification of the highly nucleophilic p5itby DPE [154]. The alkoxide can be added
into the reaction mixture either in advance or dissolved in St, i.e. simultaneously with St as a first
monomer. Some of the results are given in Table 23.

In the preparation of fully acrylate block copolymers, i.e. ppBQA-b-EtHA) and poly{-BuA-b-
BuA), t-BuA was polymerized first with thé8IB-Li/ t-BuOLi system at-60°C in the mixture toluene/
THF [155]. Then, the solution of the second acrylate was rapidly added and polymerized up to full
conversion. The time interval between additions of the first and second montsiess chosen as a
function of the mole ratigt-BuA]y/[tBIB-Li],. Details on the copolymer synthesis and their character-
istics are given in Table 24. The reaction conditions in the first copolymerization step, polarity of the
solvent and composition of the initiating complex, must be chosen with respect to the second monomer

Table 25

Polymerization ot-BuA with the s-BuLi/LiCl system capped with few units @fMeSt. (Reproduced with the kind permission
of Macromolecules 1987;20:1442)

Solvent E-BuLi]o mmol |12 A* Temperature°C) My/M,, £
THF 6.6 0 —-78 3.61 -
THF 6.6 0.59 —78 1.52 0.67
THF 6.6 1.97 —78 1.30 0.80
THF 6.6 5.02 —78 1.20 0.77
75125 3.8 1.30 —78 1.20 0.72
75/25 3.8 1.22 —-30 1.30 0.71
75125 3.8 1.22 0 1.63 0.61

2Mole ratio [LiCl]o/[s-BuLi],.
® Initiator efficiency from the ratiov, (calc/M,(SEQ.
¢Toluene/THF (V/v).
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Table 26
Polymerization of MMA at — 78C in THF in in the presence of various Li salfg{MA ], = 0.468 mol I'%; time 100 s).
(Reproduced with the kind permission of Macromolecules 1990;23:2618)

Run Initiator Salt Xo (%) SEC 2
M, x 103 M,/M;,

1° aMeStLi - 99 41.0 1.20 0.67
2 aMeStLi LiCl 99.5 325 1.09 0.85
3 aMeStLi LiF 99 46.5 1.17 0.58
4 aMeStLi LiBr 96 38.0 1.16 0.69
5 aMeStLi LiBPh, 68 25.5 1.24 0.74
6° DPHLi - 100 16.0 1.13 0.94
7 DPHLi LiBPh, 100 18.0 1.12 0.86
8¢ DPMPLi LiCl 93 22.0 1.09 0.93

2Efficiency of the initiator.

®Run 1-5:[aMeStLily = 1.7 mmol I'%; [sall; = 1.8 mmol "%,
°Run 6,7:[DPHLi], = [salfy = 3.0 mmol I,

4 [DPMPLI]y = 2.2 mmol I"%; [LiCl]y = 2.4 mmol "%,

and the poly(-BuA) remains active for a sufficiently long time. Under these conditions, the extent of
self-termination in the second step of synthesis is virtually negligible and the block length can be
controlled stoichiometrically. If extracted with hexane, polBUA-b-EtHA) is almost completely solu-

ble, which can be regarded as a proof of its block character [156].

5. Other types of stabilizing additives (ligands) and their effect on (meth)acrylate polymerization
5.1. Alkali metal halides

5.1.1. Homopolymers and functionalized polymers

The use of alkali metal halides in the anionic polymerization of (meth)acrylates was reported by
Teyssiés group in Liege 1987 [112]. LiCl was used as a ligand in the polymerizationt-BGA at
temperatures from-78 to OC, initiated bysecBuLi, which was capped with several units @MeSt
forming aMeStLi. LiCl in the system affords the formation of a polymer with a narrow MWD, keeping
the initiator efficiency high—see Table 25. The effect of different lithium salts as ligands of complex
initiators was studied in more detail in the polymerization of MMA [157]; the results summarized in
Table 26 document that in fact only LiCl has a favourable effect on the anionic polymerization of MMA.
The addition of other salts leads to the same results as the process without additive. The effect of LiCl is
remarkable only if a less sterically hindered initiatatMeStLi) is used. In combination with highly
hindered initiators, (DPHLi, DPMLI, or DPMPLI), the added salts in fact do not influence the course of
MMA polymerization because it proceeds quantitatively with a high initiator efficiency producing
PMMA with a narrow MWD without LiCl as well.

The method ensures virtually living polymerization of the mentioned monomers so that it can be used
for synthesis of number of tailored polymers based on MMA-BUA. When initiated with an appro-
priately sterically hindered monofunctional initiators or by bifunctional initiator TPDiByA can be
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Table 27
Synthesis of»-hydroxy-terminated poly{BuA)s. (Reproduced with the kind permission of Macromolecules 1992;25:5578)
Terminating agent M, x 103 M,/Mj Fé

Theof SEC NMR
Benz aldehyde 1.40 1.45 1.44 1.10 0.93
dtto 1.80 2.10 2.30 1.14 0.91
Anthracene-9-carbaldehyde 3.0 3.7 4.3 1.10 0.86

2 Functionality of the polymer.
P Calculated from the ratiot{BuA]y/[Initiator],.

polymerized to products with molecular weights as high & R€eping MWD relatively narrow [158].

The mole ratio of [LiCl]/[initiator], however, has to be distinctly higher than 1-10 usually used by
Teyssie For the controlled synthesis of polymers with a molecular weight ovér theé mole ratio
[monomer]/[LiCI] was kept equal to 44 and the initiator concentration was chosen according to the
required molecular weight. Nevertheless, high-molecular-weight polymers (200 000 and mork),have
values lower than calculated, their polydispersities being broadenedMp/td,, above 2 as a conse-
guence of unavoidable chain transfer and possible termination by residual protic impurities. In fact, the
last fact indicates the limitation of the inert atmosphere technique.

By the end-capping reaction of the living pahuA) with an appropriate unsaturated electrophile,
macromonomers can be purposefully prepared [159]. Examples involve 4-vinylbenzyt-Bol)
synthesized by quenching of the living polymer with 4-bromomethylstyrenewametthacryloyloxy-
poly(t-BuA), resulting from the reaction of the living potyBuA) with 3-(chlorodimethylsilyl)propyl
methacrylate. The number of vinyl bonds per chain was checked by UV spectroscopy. Similar results
were obtained, when living poli#BuA) was quenched with 4-vinylbenzoyl chloride or 4-(chlorodi-
methylsilyl) styrene, or 4-(chloro dimethylsilyl-methylstyrene at-78C in THF [160]. The content
of vinyl bonds per chain is above 90% in all experiments as determined#bNiMR spectra. Direct
acylation of living poly(-BuA) with methacryloyl chloride gave a polymer with a remarkably broadened
MWD and with a low content of methacrylic unsaturation. The most likely reason is a competing
nucleophilic attack of the vinyl double bond in methacryloyl chloride by the enolate living chain-end.

Hydroxy-functionalized polytBuA)s (mono- or telechelics) were prepared with very good results
[160] by the addition of the living chain-end onto the carbonyl group of benzaldehyde or anthracene-9-
carbaldehyde. These aromatic compounds were chosen as they can be simply detected by UV spectro:
scopy, by SEC with UV detection or b4 NMR spectroscopy. The living poli#BuA) was treated with
a small excess of an aldehyde at low temperature for 1 h and then isolated; the results of these synthese:
are summarized in Table 27.

Using the same principle, Gnhanou [161] prepasethono- ora,w-difunctionalized diblock copoly-
mers poly(MMADb-t-BuA) and poly(Steb-t-BuA) or triblocks based on the same monomers with
poly(St) or PMMA as a central block. Living polymers prepared with monofunctional initiators form
in a reaction with terephtalaldehyde products with two central hydroxy groups and the molecular weight
twice higher than that of the precursor. However, those, prepared by bifunctional initiators, form in the
same reaction “polycondensates” having molecular weights several times higher than of that the original
polymer and bearing more than two hydroxy groups.
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Table 28
Synthesis and parameters of p&iuA-b-MMA) block copolymers in THF at— 78C, mole ratio [LiCl]y/[Initiator]y = 10).
(Reproduced with the kind permission of Macromolecules 1991;24:4997)

Initiator M, M, (mol) Homopolymer Copolymer

Type mmol Type Mol M, x 103 M,,/M,, M, x 103 M,,/M,,
aMeStLi? 0.20 MMA 0.047 0.070 33.0 1.20 76.0 2.30
aMeStLi® 0.20 MMA 0.047 0.070 255 1.15 790 1.25
aMeStLi® 0.20 MMA 0.047 0.070 235 1.15 83.0 1.15
aMeStLi 3.60 MMA 0.800 2.145 24.0 1.05 125.0 1.10
DPMLiI 0.25 MMA 0.020 0.038 8.5 1.05 30.5 1.05
DPMK 0.15 MMA 0.047 0.070 34.0 1.05 113.0 1.15
aMeStLi? 0.45 t-BuA 0.040 0.050 27.0 1.65 51.0 1.55
aMeStLi 0.45 t-BuA 0.040 0.050 12.0 1.14 24.0 1.20
aMeStLi 1.06 t-BuA 0.195 0.150 25.5 1.10 42.0 1.10
DPMLiI 0.20 t-BuA 0.034 0.080 23.0 1.05 67.0 1.05
DPMNa 0.20 t-BuA 0.035 0.080 24.5 1.05 68.0 1.05
DPMK 0.20 t-BuA 0.040 0.080 27.0 1.07 74.5 1.10

2 Polymerization in the absence of LiCl.
® Bimodal MWD.

¢ [LiCl]g/[Initiator]y = 1.

4Hint of bimodality.

¢ [LiCl]g/[Initiator]y = 5.

Functionalization of the living polyfBuA) with an excess of carbon dioxide is also mentioned
together with a few data characterizing the product. AsttBaA polymerization was initiated with a
combination Li naphtylide/LiCl, the final product isw-dicarboxy functionalized polymer [161].

w-Hydroxylated polymers are also good precursors for the preparation of acrylate macromonomers
using in principle the same reaction with methacryloyl chloride as was earlier useenfiethacryloy-
loxy terminated poly(St) macromonomers by Asami [162] or even earlier by Schulz [163]. In this case,
poly(t-BuA) capped with benzaldehyde was, before protonation, treated with methacryloyl chloride
producing in this wayw-methacryloyloxy terminated poly(tBuA) macromonomer. Using a terminating
agent with styrene unsaturation, such as 4-vinylbenzoyl chloride or 4-(chlorodimethydsity§thyl-
styrene, polyBuA) macromonomers with styrene double bonds were prepared.

5.1.2. Block and random copolymerization

The method of LiCl-ligated polymerization gives good results also in the synthesis of block copoly-
mers, with the condition that the acrylic block is paiguA). Using living poly(St) with Li counterion
assisted with a five-fold excess of LiCl, in THF a78°C, diblock copolymer pol§st-b-t-BuA) can be
prepared in a wide range of composition, virtually without contamination by the corresponding homo-
polymers [164]. The MWD of the final product is in fact the same as that of the first block akti its
follows theoretical predictions. Without LiCl, the formed block copolymer has a MWD distinctly
broadened and its SEC trace exhibits a tail toward higher molecular weights. If the first step was initiated
by Li naphtylide under the same experimental conditions as in the former case, triblock copolymers
poly(t-BuA-b-Stb-t-BuA) were prepared in good yields and with good properties. Both these
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Fig. 31. SEC eluograms of PMMA homopolymer (a); p(MMASMA) diblock (b); and p(MMAb-GMA-b-MMA) triblock
(c) prepared in three-step copolymerization with DPMPLI/LICl complex 1/5 (m/m) in THF&¥C. (Reproduced with the
kind permission of Macromolecules 1995;28:1758.)

copolymers are good precursors for the synthesis of the amphiphilic block copolymers containing, after
hydrolysis of thetert-butoxy-groups, hydrophilic blocks of poly(acrylic acid).

Di- and tri-block copolymers composed of PMMA and ptBUA) blocks were prepared virtually in
the same way [165]. However, if the MMA is polymerized first, the block copolymer is always contam-
ined by the PMMA homopolymer, the amount of which decreases with an increasing ratiog[LiCl]
[initiator]o. Nevertheless, the MWD of the block copolymer remains narrow WigfiM,, 1.10-1.15,
whereas thé,,/M,, ratio of the poly(MMA) precursor is 1.05. This fact indicates partial deactivation of
the living PMMA before or upon addition of the second monomer. Further increases in the mole ratio
[LiCl] ¢/[initiator], have no benefitial effect. In the reverse system, when living p&8y@) precursor
was prepared first, no residual homopolymer was observed and the MWD of the final product remains
virtually unchanged. Some of these results are summarized in Table 28. This is in accordance with the
fact, that living PMMA lacking a favourable effect of bulltgrt-butoxy groups along the polymer chain
autoterminates more easily than living paHauA), the tendency of which to a back-biting reaction is
extremely low as well as in the polymerizationtdBuMA [166]. In the same way, a diblock poly(MMA-
b-4-vinylpyridine) was successfully synthesized [167] with a system DPNILIi = 1/4 in THF at
—70°C. In contrast to the MMA/BUA diblock, this final product does not contain detectable amounts of
homopolymers exhibiting twd, values, obtained from DSC measurements which correspond well with
the Tgs of the homopolymers.

With a similar system, DPMPLI/LICI 1/5 in THF at temperature betweet0 and—60°C, pGMA
was successfully prepared with the epoxy groups remaining untouched. Using a living PMMA as the
macroinitiator, diblock p(MMAb-GMA) was formed containing, again in contrast to the MMBUA
block copolymerization [165], no residual PMMA and having a narrow MWD [168]. An attempt to
prepare the (MMA -b-GMA-b-MMA ) triblock in a three-step process led to the product contaminated
with a small amount of p(MMAB-GMA) diblock from the second reaction step (see Fig. 31). The
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Table 29
Triblock copolymers with central poly(But) block and alkyl methacrylate outer blocks. (Reproduced with the kind permission
of Macromolecules 1996;29:8362)

Alkyl pBut block Poly(alkyIMA) block Copolymer
M, x 1072 (calc) M, x 103 (SEC) M,,/Mp, M, x 103 Content (%} M,,/M;,

Et 50 59 1.10 2 13 31 (35) 1.10

t-Bu 62 70 1.10 x 14 29 (31) 1.10

Me 70 80 1.10 2 25 38 (40) 1.10

i-Bu 50 55 1.10 2x 20 42 (44) 1.10

2By 'H NMR, theoretical values are in parentheses.

triblock p(GMA-b-MMA -b-GMA) without detectable residual PMMA homopolymer and with a narrow
MWD [169] was obtained by the system composed of a bifunctional initiator TPDLB and a five-fold
excess of LiCl in THF at-60°C.

If, however, simples-BuLi is used instead of DPHLIi or DPMLI, polymerization of MMA, GMA and
DMAEMA does not proceed satisfactorily even in the presence of ten-fold excess of LiCl [170] at
—78C. Only t-BuMA polymerizes in a living manner under these conditions and its growing enolate
chain-end remains active for a long time.

The addition of LiCl also improves the MWD of poly(methacryld&d&ut-b-methacrylate) triblocks
prepared by hydrocarbon-soluble bifunctional initiators based on a diaddsetajr tert-BuLi onto
1,3-diisopropenylbenzene (LiDIBLi), which was developed earlier [171,172]. To attain a complete
bifunctional activity of the LiDIBLi, polymerization of But has to be performed in a mixed solvent
cyclohexane/diethyl ether (100/5 v/v) which, however, increases the content of 1,2-placement in pBut.
The formed bifunctional living pBut is then end-capped with DPE to avoid side reactions in the second
step and the polymerization mixture is diluted with THF wherein a calculated amount of LiCl is
dissolved. Thus, methacrylate polymerization proceeds78°C in a solvent with moderate polarity

Table 30
Random anionic copolymerization of MMABUA mixtures (in THF at-=78C; mole ratio[LiCl Jo/[«MeStLi]y = 10; 60 min).
(Reproduced with the kind permission of Macromolecules 1990;23:4024)

Run t-BUA in feed (mol%) X; (%) SEC t-BuA in copolymer (mol%)
M, x 1073 My/Mj,

18 0 100.0 32.6 1.08 0

2 8 6.9 2.97 2.20 735
3 16 7.5 2.93 2.00 73.7
4° 16 6.8 291 2.50 87.1
5 44 175 235 2.10 92.0
6 76 71.0 27.0 2.00 98.2
7 88 86.0 32.0 2.10 99.0
8 100 100 31.9 1.07 100

Neat MMA.

® Polymerization without LiCl.
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in the presence of a five-fold excess of LiCl over the growing centres [173]. In this way, a humber of
ABA type triblocks with a central pBut block and outer blocks formed by various methacrylate esters
were prepared [174,175]; examples are given in Table 29. Nevertheless, it should be noted here that
similar copolymers with only slightly broadened MWD values can also be synthesized using a LiCl-free
process [172,176].

In random copolymerizations of MMABUA mixtures, the differrent tendencies of these two mono-
mers to self-termination can be clearly seen [177]. Initiated wMStLi in the presence of a ten-fold
excess of LiCl, the mixtures give products with high contentsBifiA, whatever was the composition of
the initial monomer mixture. If the content &BUA in the feed is lower than ca. 50% (m/m), only
oligomers are formed with broad MWD values, and in poor yields, see Table 30. The likely explanation
for this phenomenon is based on a back-biting reaction of the living polymer chain entg@&iuiByunit
with an antepenultimate MMA unit of the same chain according to Scheme 35. This is corroborated by
the formation of violet complex of enolized oxo ester with Fe@hd by appearance of a peak at
12.75 ppm intH NMR spectrum, which is typical of the enol proton. The findings suggest two important
conclusions. First, for a low extent of self-termination in the anionic polymerization of (meth)acrylates,
steric hindrance and inductive effects of a bul&gt-butoxy-group along the chain are key factors [102—
104,135]. Second, the lowering of the self-termination rate by LiCl is rather moderate, this fact being

Table 31
Effect of LiCl on a microstructure of PMMA prepared with DPMLI in different media-at78C. (Reproduced with the kind
permission of Macromolecules 1993;26:5984)

Solvent Y2 Triads (%)
Iso Hetero Syndio

THF 1/0 1 21 78

1/2 1 21 78

1/10 1 20 79
Toluene/THE 1/0 17 25 58

1/1 6 25 69

1/2 4 24 73

1/5 3 25 72

2Mole ratio DPMLI/LICI.
9:1 (Viv).
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Table 32
Influence of LiCl on MWD and microstructure of potyBuMA) prepared withuMeStLi in THF at—78C. (Reproduced with
the kind permission of Macromolecules 1994;27:1076)

& Mw/M, Triads (%)
Iso Hetero Syndio

1/0 1.36 8.7 49.6 41.7
1/1 1.20 8.4 46.4 45.2
1/2 1.15 8.5 47.3 44.2
1/3 1.05 26.7 53.4 19.9
1/5 1.05 27.1 52.3 20.6
1/10 1.10 274 51.9 20.7

2Mole ratio aMeStLI/LiCI.

supported also by the results of kinetic and mechanistic studieBwh oligomerization and polymer-
ization [101,110]. Thus, the stabilizing effect of LiCl is not high enough to attain controlled anionic
polymerization of acrylates with less- or non-branched alkoxy groups (EtHA, BuA) [178].

5.1.3. Microstructure of polymers, effect of LiCl

LiCl also affects the microstructure of the formed PMMAs in a mixture toluene/THF 9:1, but not in
neat THF [179]. It can be seen from Table 31, that the LiCl addition governs the PMMA microstructure
in an opposite direction than that BBuOLi. In the mixed solvent, LiCl changes the microstructure of
the formed polymer closer to a tacticity of PMMA prepared in THF under the same conditions, i.e. the
number of syndiotactic triads increases with increasing LiCl concentration up to the mole ratio
[LiCl]/[initiator] = 2. A favourable effect of LiCl on the kinetics of MMA arteBuA polymerizations
and MWDs of the formed polymers becomes constant at a ratio [LiCl]/[initiator] of 4 and higher. It
follows from spectral studies that in THF, LiCl forms complexes with MIB-Li with molar ratios between
1:1 and 3:1 (cf. Section 2.4.2). Thus, in the mixed solvent without LiCl, the self-aggregated initiator (or
growing chains) are in equilibrium with non-aggregated ones [84] so that both the meso and racemo
arrangements are basically possible. LiCl, forming complexes with the non-aggregated centres,
increases the population of the ligated “free” (non-aggregated) centres which are responsible for a
syndiotactic addition of the monomer. This is corroborated by the fact that with increasing concentration
of DPHLi initiator in a mixed solvent (toluene/THF 9:1), the content of isotactic microstructure in the
formed polymer also increases due to an increasing content of self-aggregated growing chains. Thus, th
polymerization can be most probably controlled by at least two types of active species (multiplicity of
active species, “multistate” mechanism [85,111]) with different degrees of association and complexa-
tion, having different stereospecific efficiencies, especially in a solvent of moderate polarity (see Scheme
30). Consequently, LiCl, as well as the other ligands—among others—affects these equilibria. In
addition, E/Z isomerism most probably plays an important role in the stereochemistry of the growing
polymer [180] so that, at least in some cases, both of the effects are combined.

A significant effect of various aggregation and complexation phenomena can be well seen in the
polymerization oft-BuMA proceeding virtually without condensation side reactions even at ambient
temperatures, in the presence of any of common alkali metal counterions [181}.8€, Varshney et
al [182] obtained, usingMeStLi in THF, p-BuMA with a broadened MWD, containing non-negligible
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Fig. 32. Effect of ligand concentration on the MWD dfBuMA prepared by DPHLi in a toluene/THF mixture 9/1-a78°C.
(Reproduced with the kind permission of Macromol Rapid Commun 1994;15:517.)

amounts of oligomers; the MWD of the product became narrower if LiCl was added into the system up to
the [LiCl]/[[aMeStLi] ratio of 2 (see Table 32). Further increases in the salt concentration had no
beneficial effect on the MWD; however, the polymerization rate decreases with increasing the [LiCl}/
[aMeStLi] ratio. It must be stressed here that in another work [183], the formation of unimédal p
BuMAs in the presence of Li counterion in THF as well as in neat toluene was described. Polymerization
with Li counterion in a mixed solvent toluene/THF of various compositions gives polymers with broad,
bimodal MWDs. The addition of a ligand, LiCl, MEEOLI, (see below) or cryptand K211 makes MWDs
of the prepared polymers narrower but to a different extent. (Fig. 32).

Regarding the microstructure of-BuMA, prevailingly syndiotactic product is formed [182] in THF
with the Li counterion. If the mole ratio [LiCl]/[initiator] is 3 or higher, the content of syndiotactic triads
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Table 33

Anionic polymerization of EtHA initiated with the DPHLI/MEEOLIi system a78C. (Reproduced with the kind permission
of Macromolecules 1994;27:4890)

[EtHA]o (mol ™Y [DPHLi]o(mol 17} y& 2P Xp (%) M, X102 (theor) SEC

M,x10°  M./M,

0.465 0.01 0 9/1 45 4.0 20 3.20
0.465 0.01 2 9/1 90 7.9 24.0 1.70
0.528 0.01 10 9/1 100 10.0 11.0 1.05
0.233 0.0012 10 9/1 98 325 36.0 1.10
0.233 0.0012 10 19/1 100 32.5 36.0 1.09
0.212 0.01 10 7/3 99 4.0 4.5 1.15
0.212 0.01 10 6/4 98 4.0 4.7 1.30
0.466 0.005 10 0/10 100 17.6 215 2.55

2 Mole ratio [MEEOLI}/[DPHLi].
bVolume ratio toluene/THF.

in the polymer sharply decreases and an isotactic arrangement is enhanced by a factor of about 3 (Tabl
32).

5.2. Bidentate lithium alkoxides

5.2.1. Homopolymerization of acrylates

Bidentate lithium alkoxides (dual—w ligands) of the general formula GEO—CH,—CH,),OLi, form
strong complexes with a living chain-end (see Section 2.4.2), restricting the tendency for the back-biting
reaction even in the polymerization of EtHA and BuA [184]. The best results offers the alkoxide with
two ethoxy groups in the molecula & 2; MEEOLI); however, the polymerization has to be performed
at very low temperatures, i.e. from78 to —100°C and in a reaction medium with moderate polarity.
The same effect of solvent was already found [139,143] inttBeOLi assisted polymerization of
acrylic esters—see Section 4. Some of the results of the “dual-ligated” EtHA polymerizations under
variable conditions are shown in Table 33.-/A100°C, the two-dose sequential polymerization of EtHA
stabilized with MEEOLI produces a polymer without a detectable amount of the first-dose product,
whereas at-78C, a hon-negligible part of the active centers from the first-dose polymerization is lost in
the interval between the both monomer doses [185]. This means that even at such a low temperature, th

CH30~CHz — CHp O)p —Li MEEOLi

CH30— CHp— CHp O—Li MEOLi

CH30~CHp — (|3H0)2 —Li MPPOLi
CHg

(CHgIN~CHp—CHp0) — Li NEEOL

Scheme 36.
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Table 34
Polymerization of primary alkyl acrylates in the presence of various bidentate alkoxides (in toluene/THF mixture 9/1 (v/v),
mole ratio InitiatofLigand= /10 (m/m)). (Reproduced with the kind permission of JPS, Polym Chem Ed 1997;35:361)

Alkyl Initiator Ligand Temperature®C) Xo(%0) M, % 1072 (calc) SEC

M, x 103 M,,/M,,

Bu DPMLi NEEOLI —78 46 8.6 23.0 1.65
Bu DPMLi MPPOLi —78 25 4.3 13.0 2.00
Bu DPHLi MPPOLi —78 25 4.4 9.0 2.35
Bu DPMLi MEOLi —78 80 7.0 22.0 3.3

Bu DPMLi MEEOLI —78 100 24.7 34.0 1.30
Bu DPHLi MEEOLI —78 80 - 10.0 1.85
Nonyl DPMLi MEEOLI —78 98 - 14.0 1.20
Et DPMLi MEEOLI —78 100 125 19.0 1.30
Et DPMLi MEEOLI —100 99 12.5 17.0 1.80
Me DPMLi MEEOLI —78 100 10.9 13.0 1.50
Me DPMLi MEEOLI —100 98 10.9 13.0 1.60

2Polymodal MWD.

self-termination reaction in the polymerization process cannot be avoided completely. Moreover, to
reach a well-controlled process, MEEOLI has to be combined with sterically hindered initiators. If the
polymerization is initiated by a simple alkylmetatBuLi), a polymer with a broad MWD is formed, the
initiator efficiency is low, and, surprisingly, the process stops at low limiting conversions even in
the presence of a ten-fold excess of MEEOLI. Lithium diisopropyl amide or EIB-Li give, however, good
results in the presence of MEEOLI, so that the high nucleophilicity ofstBeiLi is probably also
responsible for the unfavourable results. Similar indications followed already from a comparison of
the EtHA polymerization initiated with BuLi aBIB-Li in the presence of-BuOLi under comparable
conditions [137,139] (see above).

Various types of bidentate alkoxides (see Scheme 36) were tested as ligands in BUA polymerization at
low temperature [186]. Again, MEEOLI only, in combination with a sterically hindered initiator, in
particular DPMLI, has the expected and beneficial effect on the polymerization, enabling the formation
of pBUA with a narrow MWD in a quantitative yield (Table 34). The DPMLi ligated with MEEOLi was
also used in polymerizations of EtA and MeA-a¥8 and/or—100°C leading to polymers with slightly
broadened MWDs. This indicates an increasing tendency of acrylates for side reactions with decreasing
length and, in particular, branching of their alkoxy groups which was already stated in earlier works
[102-104,142-147]. The extent of self-termination increases with increasing starting monomer concen-
tration and this phenomenon, observed also in MMA polymerization with Na counterion [187]as well as
in the polymerization of BUA initiated with thi#B8IB-Li/ t-BuOLi system [144], has not been satisfacto-
rily explained.

5.2.2. Block and random copolymerization

This type of the “dual-ligated” additives, in a ten-fold excess over the initiator, was successfully used
in synthesis of di- and tri-block copolymers composed of MMA and EtHA blocks [188]. The results and
reaction conditions are shown in Table 35. If living PMMA is prepared as a first block &C, the final
copolymer poly(MMAb-EtHA) has a narrow MWD and does not contain detectable amount of the



Table 35

MEEOLi-assisted synthesis of poly(MMB-EtHA) diblock copolymers (initiated with the complex DPMPLI/MEEOLi 1/10 (mol/mol) in a toluene/TH
mixture 75/25 (v/v); total monomer conversion 95—-100%). (Reproduced with the kind permission of Macromolecules 1994;27:4908)

Monomer Polyi#,) Copolymer

M; (mmol) M, (mmol) Temperature’C) M, x 10 (theor) M,x10 3 (SEC) M,/M, M,x10 3 (theor) M,x103(SEC) M,/M,
MMA EtHA

20 27 -78 5.5 6.0 1.03 19.6 19.2 1.09
30 15 -78 7.0 7.2 1.06 12.5 13.6 1.09
40 10 -78 31.0 33.0 1.08 45.2 46.4 1.09
EtHA MMA

13 37 -78 5.1 5.6 1.09 15.0 81.1 1.04
20 60 -78 8.0 8.1 1.09 24.0 43.3 1.69
13 110 —100 4.4 4.9 1.10 29.0 31.4 1.10
17 55 —-100 5.3 5.3 1.06 17.0 19.1 1.10
27 21 —-100 9.4 10.0 1.05 15.0 16.0 1.06

2Bimodal MWD, in the calculation only the block copolymer peak was considered.
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Table 36
Microstructure of PMMA prepared by DPMLi in various media-a?8C; effect of MEEOLI. (Reproduced with the kind
permission of Macromolecules 1994;27:4902)

Solvent Y? Triads (%)
Iso Hetero Syndio
THF 1/0 1 21 78
1/2 1 16 83
1/10 1 16 83
Toluen& 1/0 88 9 3
1/2 10 21 69
1/3 1 18 81
1/10 1 16 83
tol/THF® 1/0 17 25 58
1/2 5 21 74
1/3 1 16 83
1/10 1 16 83

#Mole ratio [Initiator]/[MEEOLI].
P Initiated with DPHLI.
®Toluene/THF 9/1 (v/v).

PMMA. If, however, the polymerization of MMA is initiated with the living poly(EtHA) block under the
same conditions, the resulting block copolymer is contaminated with a certain amount of poly(EtHA).
To avoid this, the synthesis has to be performed 20CC, similarly to the two-dose homopolymeriza-

tion of EtHA mentioned above. The favourable effect of a low reaction temperature could be expected,
in particular, if the temperature dependence of the self-termination rate, discussed in Section 4, is
considered [142,144] (see Table 18). As for the triblocks, TPDLB was used as an initiator in the presence
of ten-fold exces of MEEOLI in a toluene/THF mixture 75/25 (v/v). The copolymers with central
PMMA blocks were succesfully prepared, having narrow MWDs and no residual homopolymer in
contrast to the opposite arrangement. Evenr-a00°’C, the copolymer poly(MMAs-EtHA-b-MMA)

has a polymodal MWD while the central block exhibits good and expected characteristics. It is inter-
esting that this triblock copolymer is formed well by a three-step sequentional polymerization initiated
with DPMLi using an excess of MEEOLI in a toluene/THF mixture 75/25-400°C. The reasons for

the behaviour of the former copolymerization are not clear yet.

Strong complexation of (meth)acrylate growing chain-ends with MEEOLI is also evident from its
effect on the microstructure of the formed PMMA [134]. Data on tacticities of PMMAs, prepared with
DPMLi in various solvents in the presence or absence of MEEOLI, are given in Table 36. Virtually no
effect is seen in neat THF, whereas in toluene or a mixture toluene/THF 9/1 (v/v), a three-fold excess of
MEEOLI over the initiator changes the tacticity of the formed polymer dramatically. The content of
syndiotactic triads sharply increases at the expense of the isotactic ones, so that, under these conditions
the microstructure of PMMA is virtually the same as that of PMMA prepared in a neat THF without any
additive. In this sense, the effect of MEEOLI is similar to that of cryptand K211, mentioned in the
foregoing section. Thus, in agreement with the results of NMR studies of ester enolate/MEEOLI
complexes [90], it can be assumed that even in non-polar solvents, MEEOLIi forms strongly ligated
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Table 37
Effect of MEEOLI on the anionic copolymerization of MMABUA mixture initiated with DPMLi in THF at-78°C (MMA/t-
BuA mole ratio 58/42). (Reproduced with the kind permission of Macromolecules 1994;27:4635)

4 Yield (%) M, (SEC) M,/Mj, (SEC) Z (%)
1/0 18 23 400 2.50 92.0
11 80 77 900 1.50 54.0
1/2 86 42.6 1.30 45.0
1/5 85 185 1.20 44.0
1/10 100 21.7 1.15 42.0

#Mole ratio DPMLI/MEEOLI.
® Molar content oft-BuA in copolymer.

non-aggregated active species of polymerization, which are supposed to be the origin for syndiotactic
placement.

MEEOLI also ensures the living character of MMABUA random copolymerization, in which the
stabilizing effect of LiCl was not high enough [177] — see Section 5.1.2. The results of copolymeriza-
tions of MMA/t-BUA mixture (58/42, m/m) initiated by DPMLi in THF at 78°C in the presence of
various amounts of MEEOLI [189] are given in Table 37. With a ten-fold excess of the ligand, the
system produces random MMABUA copolymers quantitatively. Using a comonomer feed of various
compositions, various copolymers can be successfully prepared, exhibiting single Viyicaisies
between those of the corresponding homopolymers, in dependence on the composition of the feed
The calculated monomer reactivity ratiogpa = 0.29 andr._g,a = 6.92 document a distinctly higher
reactivity of the acrylate than that of MMA. Similar results were obtained in the copolymerization of the
same monomer pair initiated with DPMNa [190] in the presence of a strongly chelating crown-ether DB-
18-CE-6.

Thus, chelating ligands promote the living character of a low-temperature (co)polymerization of
(meth)acrylates affording the possibility to prepare homopolymers, block and random copolymers [191].

5.3. Alkylaluminiums

5.3.1. Homopolymerization of methacrylates

The favourable effects of simple alkylaluminiums (e.gsAEX on low-temperature MMA anionic
polymerizations was already described by Hatada [10,11,13—-16]. It has been recently shown by Ballard
et al. [192] that tetraorganylaluminates containing structurally more complex alkylaluminiums with
bulky aryloxy substituents (see Scheme 37) &BdiLi, polymerize MMA in toluene in a living manner
at room or even at slightly elevated temperatures. This “screened anionic polymerization” is initiated by

t-Bu
(i-Bu)2 Al— O R

t-Bu R=H, CHs

Scheme 37.
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Table 38
Polymerization of MMA initiated with the complex-BuLi/(2,6-di-tert-butyl-4-methylphenoxy) diisobutylaluminium (in
toluene at 0C). (Reproduced with the kind permission of Macromolecules 1992;25:5907)

Run Al/Li (mol) A (mol)® Xs (%) SEC

M, x 103 M,,/M,,
1 0.43 179 46 17.1 1.28
2 0.75 200 75 19.9 1.12
3 1.07 179 99 29.6 1.18
4 1.40 186 99 294 1.10
5 2.00 200 99 30.3 1.15
6 3.00 200 99 28.4 1.09

#Mole ratio [MMA] ¢/[t-BuLi] .

the bimetallic complex lithium tetraalkylaluminate of the general formul§AIR ;] . In the polymer-

ization process, Li cation is coordinated with A|JRorming a bulky counter-ion which protects the
living chain-end against side reactions. The concentration of the alkylaluminium has to be at least the
same as that of alkyllithium; an excess of the AlBbmpound is recomended for practical reasons
(purification of the reaction system in situ). NMR studies of the system showed thaBthearbanion

is a true initiating species; no part of the aluminium compound was found in the polymer. In Table 38,
some of the results of MMA polymerization are shown, documenting the effect of the Al/Li mole ratio on
the polymerization process. An extremely high stability of the active centres has been demonstrated in a
series of experiments in which four equal doses of MMA were successively added to the reaction
mixture. The time interval was always 60 min after completion of the reaction taking ca. 5 min per
dose, so that the total reaction time was 260 min. The molecular weight of the final product was four
times higher than that of the polymer formed from the first monomer dose and its MWD was virtually the
same. This was advantageously used for the synthesis of block copolymers composed of various
methacrylic esters [193,194]. On average, the initiating efficiend¢yBafLi is ca. 60—70% as estimated

from theM,, values. The authors assumed that this was due to the existence of two types of the initiating
complex. The first type contains both the components in the ratio Al/Li 1:1 atdBalli is utilized in an
initiation reaction, whereas the second one is composed of two molecules of the Al compound and two

+

2iBugAl + 2tBuli —— | Li_ Al_ Li| [+Bupi-BupAl

LX

bulky counter-ion
[t-Bu i-Bup Al = ———» t-Bui-Bup Al + tBu

initiating
anion

Scheme 38.
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Table 39

Effect of butyllithium structure and premixing of the reaction components on the MMA polymerization with RLi/{ABu)
(1:2) in toluene at @C. (Reproduced with the kind permission of Polym Prepr (Am Chem Soc, Div Polym Chem)
1994;35(2):599)

RLi Components premixed Conversion (%) My My/Mp,
t-BuLi (i-Bu)sAl/RLi 100 23 700 1.10
(i-Bu)sAlIMMA 99 28 000 1.18
s-BulLi (i-Bu)sAl/RLi 100 37 500 2.00
(i-Bu);AlIMMA 100 18 200 1.13
BuLi (i-Bu)Al/RLi 84 97 100 2.02
(i-Bu):AlI/IMMA 75 39 300 1.22

molecules oft-BuLi and the authors assume that, in the latter case, only-8uki molecule can add

onto MMA (Scheme 38). If less sterically hindered alkylaluminiums are used-BiugAl or EtzAl, the
initiating efficiency of the initiator decreases to 50% most likely because of higher aggregation states of
these simple tetraorganylaluminates. This is corroborated by the formation of a certain amount of gel
[194] in the systems containing simple alkylaluminiums which was not found in polymerizations
performed in the presence of bulky organylaluminiums or in those, initiated with the system DPHLIi/
EtAl at 0°C in the presence of pyridine [195]. The idea of the generation of true active species is
demonstrated in Scheme 38. The structure of the alkyllithium as well as the order of mixing of the
reactants play an important role [196,197] so that the systems composed-obr t-BuLi andi-BusAl
behave, as to the MWDs of products and attainable monomer conversion, somewhat differently—see
Table 39.

5.3.2. Mechanistic studies

It has been shown in Mier's studies [198,199] that bimetallic “ate” complex with the Al/Li mole
ratio 1:1 can be regarded as a model for the growing centre in the initial stage of polymerization. This
was corroborated by#C NMR study [199] of the model compound EIB-Li in the presence of Alfhe
complex, formed according to Scheme 39, has the signal of the carbonyl group shifted upfield and that of
thea-carbon atom downfield (see Fig. 33) in a way similar to the analogous signals of silyl enolate MTS
(initiator in GTP, cf. Section 1.2). The excess of aluminium alkyl (if used) can coordinate with the
carbonyl group of the monomer or polymer. However, it was observed in further studies [200], that this
coordination does not accelerate the polymerization process which is in contrast to the dramatic

Nt o 0-AR, |
C—C\ * AR, _— /C=C L
ot No-oyon o No—cn—an,

[EIB - AIR;]"Li" “ate* complex

Scheme 39.
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clo) Cla) 0CH, CH, OCH,

EiBLI I J ' ' l
- ' \

~ _ - 1

EiBLi+ AIR, ] [ I ' I
M T

T T T T T T T T T 7T

160 150 1.0 90 80 70 60 20 10
—~——06 in ppm

Fig. 33. Effect of AIR on the chemical shifts of EIB-Li in thé’C NMR spectra in toluene at temperatures beld\@.0
(Reproduced with the kind permission of Macromol Rapid Commun 1995;16:399.)

acceleration of the MMA polymerization initiated with metalloporphyrin initiators after the addition of
bulky alkyl(diphenoxy)aluminiums as was described by Inoue and Aida [51] (cf. Section 1.2). If an
additional dose of AIRwas added into the polymerizing mixtuMA + R’Li + simple AlRy), the
reaction rate even decreased. The lowering of the polymerization rate hyadtfion is demonstrated

in Fig. 34 where a significant curvature of the plots in the presence of an alkylaluminium at low
conversions as well as linear second parts of the plots (after the kink) are clearly seen. A very similar
shape of the plots was obtained in polymerizations with various starting concentrations of monomer or
initiator [200] (Fig. 35). As the second parts of all these plots are linear, at least in the measured
conversion range, self-termination can hardly be assumed to be a reason for the lowering of the reaction
rate. Moreover, it may indicate that the active centres are of one type, either completely aggregated or
non-aggregated. The kink on the time—conversion plots clearly relates to a certain monomer conversion
(critical monomer conversionX ., see Figs. 34 and 35) in dependence on the starting conditions
[200,201], namely on the mole ratiMMA ]o/[P"],. Thus, it is reasonably assumed that the kink position
depends on a critical degree of polymerizatiBp,;, which was found to range between 2 and 8, rather
closer to 2. The first possible explanation is on the basis of a probable coordination of a chain aluminate
end-group with a penultimate ester carbonyl according to Scheme 40. According to this consideration,

0.25 ~

-

0.20 4

In((Mlg/ M1}

0,15 1

0.10 1

0.05 A1

0+ T T y r T T )
0 50 100 150 200 250 300 350

t/min

Fig. 34. Semilogarithmic conversion plots of the MMA polymerizations in toluere7&C with ELAI/t-BuLi at various Al/Li
mole ratios]MMA ] = 0.23 mol I"%; [t-BuLi], = 4.5.10 mol I"%. Al/Li = (1) 0; (2) 1.6; (3) 3.4; (4) 6.0. (Reproduced with the
kind permission of Macromol Rapid Commun 1995;16:399.)
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Fig. 35. Semilogarithimic conversion plots of MMA polymerizations initiated VWBULi/AIR 5 in toluene at-78°C. Variation
of active centres concentration [R calculated from degrees of polymerizatioffMMA ], = 0.23 mol I'%;
[EtAl]o = 1.5.10 mol I"%; [Py = (1)0.46; (2) 1.60; (3) 3.23; (4) 14.% 10 mol I"%. (Reproduced with the kind permission
of Macromol Symp 1996;107:163.)

the “ate” complex is operative in the very first stage of the process, and, as soon as possible, probably in ¢
stage of living dimer or trimer, it is changed to a penultimate coordination structure, which might be
responsible for a sudden lowering of the polymerization rate. If so, bulkier alkylaluminiums should
suppress coordination of the chains which should lead to an incre&sgiiand, in a limiting case, the

kink on the conversion plot should completely disappear. However, this was not verified with another
study [202] in which kinked first-order time—conversion plots were found virtually in all experiments
inspite of the presence of alkylaluminiums. Moreover, most of the plots exhibit a non-linear course in the
second stage of polymerization, i.e. after the kink. Examples are shown in Fig. 36. This can hardly be
explained by the penultimate coordination and back-biting self-termination reaction because of the
absence of cyclic oxo esters in the product.

Another reason for the kink in the time—conversion plots, and, generally, the reason for a nonlinear
shape of the plots, can be seen in the formation of a gel fraction during the course of polymerization
[194,202—-204] at temperatures —60°C the amount of which, relative to a soluble fraction, increases
with increasing monomer conversion. The gel was found to be soluble in toluene after termination with
methanol or, if isolated without termination, in polar THF. Moreover, if a new dose of MMA is added to

CH,
CH /
C - + 3 CH—C
Sem ol OB o’ TN
Y + MMA —> tBu-CH~C C— OCH,
t-Bu—CHY OCH, |
Cc o
7/ \ ar
CH,0 o0— AR, Li
“ate” complex penultimate coordination

Scheme 40.
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Fig. 36. Semilogarithmic conversion plots of the MMA polymerization vHBuULI/R,Al in toluene.[MMA ], = 0.23 mol I'%;
[t-BuLi]g = 4.5X% 10 3 mol I'Y; [RzAl]g = 15X 10 2 mol 1% (1) EBAL; (2) i-BusAl; (3) (neopentyBAl; (4) t-BusAl. (Repro-
duced with the kind permission of Polymer J 1996;28:954.)

this “dissolved gel” in THF under inert conditions, the monomer is converted to polymer extending in
this way the chains of a substantial part of the “gel”; thus the insoluble gel-fraction is formed by
intermolecular coordination of living PMMA chains. SEC eluograms of the “dissolved gel” and the
extended “block” copolymer are shown in Fig. 37 [203]. A tentative structure of this coordination
network formed from two unimeric aluminate end-groups is given in Scheme 41, clearly, the dimeric
end-groups can coordinate to tetrameric one in a similar way. It is interesting to note that if dissolved
“gel” chains were quenched with benzoyl chloride, the total amount of chains is higher than that of
benzoyl end-capped ones and no cyclic oxo esters were found in the polymer. This indicates the absence
of the back-biting reaction in the gel fraction so that termination probably proceeds via a still unknown
process including the formation of “dormant” species, the structure of which has also to be elucidated.
Consequently, it is assumed that the process is controlled by two types of active species, soluble and

V, /mi

Fig. 37. SEC eluograms of a “block” copolymer (full ling}, = 1617, M,,/M, = 1.8) obtained by MMA polymerization
initiated with a coordinated network (dashed litg, = 1260,M,,/M,, = 1.3) in THF at room temperature; MMA conversion
42%.



868 P. Vicek, L. Lochmann / Prog. Polym. Sci. 24 (1999) 793-873

AN
7
pd =O\\A|/ / y __..O/ ;’WN
w /N |_/
to— (@] e} \
/
Scheme 41.

insoluble, with different kinetics of propagation and termination (Scheme 42). In addition, the type of
substituent in RAl plays a role in the stereospecific efficiency of the process, because, gAt)OEt
i-BusAl-assisted polymerization gives syndiotactic product whiBusAl or (neopentyBAl addition

lead to atactic PMMA. If Et@Al is used instead of BAI, probably no “ate” complex is formed and both

the process and product with broad MWD are virtually the same as observed in aluminium-free anionic
polymerization.

Although the MMA polymerization initiated by-BuLi in the presence of bulky alkyl(phenoxy)
aluminiums was shown to be at@® a perfectly living process [192], the polymerization assisted by
simple RAI, where R= Et or i-Bu, exhibits a certain extent of side reactions in the initiation and
propagation steps [204] even-a78°C. tBIK is formed by 1,2-addition of-BuLi onto MMA monomer
(cf. Section 1.1) to a various extent at both 0 an@8C. Surprisingly, by Matrix-Assisted Laser
Desorption lonization Time-of-flight Mass Spectrometry (MALDI-TOF-MS), a higher content of
tBIK was observed at the lower temperature [205]. The number of chains contaminatetBikith
decreases with an increasing molar ratio Al/Li, and, at the ratio equal to 2 or more, the content of
tBIK in the polymer is virtually negligible. It was also found [204,206] that self-termination by the back-
biting reaction (cf. Section 1.2) proceeds to a detectable extent only in the polymerizatit®; &t O
polymers, prepared at78C, no cyclic 2-oxo esters were detected.

The polymerization stabilized with alkylaluminiums is, due to a long lifetimes of the active species,
convenient for the tailoring of poly(methacrylate)s, in particular, for the synthesis of block copolymers
with various methacrylic esters.

Pt{"
+M l kpsol
kgel . Kt
P2° ———->._g_ (P2")gel — P2t
ksol
+M l kpsol +M l kpgel
kgel . kt
P3” ____—“_g P3")gel — > P3t

T

Scheme 42.
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6. Conclusion remarks

As tailored polymers with special and predetermined properties are becoming more and more impor-
tant, methods of controlled polymerization are studied very intensively, in particular, in the field of polar
vinyl monomers. Thus, a number of novel ways to tailor-made poly((meth)acrylate)s have been found
recently, solving more or less the problems which complicate the process. However, owing to a wide
spectrum of monomers with various chemical compositions and reactivities, virtually none of the
mentioned polymerization methods is generally applicable, in particular, to the synthesis of block
copolymers. Thus, for individual tailored products, a convenient method must be found and, in many
cases, reaction conditions have to be optimized. This review, gives a brief summary of one of the many
ways for controlling (meth)acrylate polymerization. It is based on classical anionic initiators modified
with appropriate ligands, restricting the extent of undesired side reactions. The method is well compa-
tible with the controlled polymerization of non-polar styrene and diene monomers and has its advantages
and drawbacks. Nevertheless, it is one of the useful methods for controlling the polymerization process
and can lead to tailored polymers.
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