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Abstract

The rare-earth metallocene chloride complexes (CsMes),L.nCl,Li(OEt;), (Ln = Nd, Sm or Y) combined with an excess of dialkyl-magnesium
compounds (butyl-ethyl-magnesium) afford active species for the polymerization of ethylene in alkanes or aromatic solvents at atmospheric pres-
sure. A dynamic equilibrium between dormant species and a low concentration of catalytically active species is suggested to explain the living
character of the polymerization process observed at temperatures up to 80 °C. A fluxional behavior of the polynuclear structure of the dormant spe-
cies accounts for the fast and reversible exchange/transfer reaction of alkyl chains between lanthanide and magnesium metallic centers. The resulting
mixture contains mainly di(polyethylenyl)magnesium compounds and can be directly used either for block copolymerisation with polar monomers
or for any classical Grignard-like reaction for the synthesis of functionalized polyethylenes.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Rare-earth complexes have been widely investigated as
catalysts for polymerization [1] of various monomers includ-
ing dienes [2], styrene [3] and polar monomers [4]. As regards
the ethylene and a-olefins monomers, it is worth stating that
group IV transition metal complexes have attracted much
attention relative to their neighbours in the periodic classifica-
tion [5]. The initial run up of the rare-earth metallocene poly-
merization catalysts started in late seventies and has met some
success as it was considered as a good model for explaining
the elementary steps in Ziegler—Natta polymerization (the
“lanthanide Ziegler—Natta model”’) [6]. Fourteen electron
species of the type Cp,LnR (dicyclopentadienyl-alkyl-lantha-
nide) are considered to mimic the isoelectronic Cp,ZrCHZ
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cationic species formed in the catalytic mixture of Cp,ZrCl,
and MAO (methylaluminoxane) [7]. Such species, for example
[CpZLuMe]g [8] and [CpZLaH]z [9] (Cp*: pentamethyl-
cyclopentadienyle), have proved to be very efficient for ethyl-
ene polymerization, despite their short lifetime. More stable
aluminum adducts were also studied: the activity of the lute-
tium compound CpZLuMezAlMez was attributed to a fast
equilibrium with Cp>LuMe, considered to be the real active
species. However, the addition of only one more equivalent
of AlMe; rendered the system totally inactive. In such lantha-
nidocene tetraalkyl-aluminate complexes, the alkyl exchange
between terminal and bridging position has been well estab-
lished [10]. This implies that all four alkyl groups may initiate
successively the chain growth.

Chain growth on aluminum alone (the Aufbaureaktion de-
scribed in Ziegler earlier work) [11] has been first shown to
proceed on triethyl-aluminum, via a stepwise insertion of
ethylene into the Al—C bonds at high temperature and pres-
sure. A catalyzed version of this reaction has been proposed
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under less drastic conditions with transition metals [12], acti-
nides [13], chromium [14] and recently with cationic yttrium
complexes [15]. Similar chain growth reaction was also per-
formed on dialkyl-zinc [16], alkyl-lithium [17] and dialkyl-
magnesium [18]. The two latter compounds have the common
point with the trialkyl-aluminum ones that they form aggre-
gates [19]. In some cases, this aggregation ability was found
to bother catalysis by the uncontrolled formation of inactive
species, for example in ionic polymerization of styrene by lith-
ium alkyl compounds [20] or in coordinative ring opening
polymerization of cyclic esters by aluminum alkoxide com-
pounds [21]. In contrast, aggregation of the catalytic species
RLi with a metallic adduct of different nature, MgR,, allowed
the controlled polymerization of styrene by adjusting the ratio
of the two components [22].

The work presented below can be considered as a further
example combining several of the characteristics of the above
catalytic combinations. First, the ethylene polymerization by
lanthanide metallocene complexes will be shown to be con-
trolled by adjusting the aggregation degree of the catalytic
species with proper amounts of a dialkyl-magnesium additive.
Second, as one of the first examples of catalyzed chain growth
(CCQG), a general concept recently developed by Gibson et al.
[16b], this work will provide the possibility to synthesize olig-
omeric dialkyl-magnesium, which could be considered as an
Aufbaureaktion on MgR, catalyzed by rare-earth metallo-
cenes. Third, it will emphasize the initial idea proposed in
our laboratory [23] and one other [24], consisting of the in
situ formation of the active alkyl-lanthanidocene by alkylation
of chlorolanthanidocene compounds, crystallized as their bis-
[diethylether]lithium chloride adduct CpZLnClzLi(OEtz)z 1
(Ln=Nd 1a, Sm 1b or Y 1¢) with butyl-ethyl-magnesium 2
(BEM). Unusual magnesium—lanthanide cooperation was
revealed by running the ethylene polymerization process
with a large Mg/Ln ratio and under mild conditions i.e.
atmospheric pressure of ethylene, diluted solutions and tem-
perature ranging from ambient temperature to 100 °C [25].
Detailed features of the lanthanidocene/BEM catalytic system
for ethylene polymerization are presented here including (I)
the living character of the polymerization, (I) the synthesis
of di(polyethylenyl) magnesium(Mg(PE),) and (II) some syn-
thetic applications. Mechanistic implications are proposed
based on the effect of several parameters on the catalytic
system.

2. Experimental
2.1. Materials

All operations were performed under dry argon by using
standard Schlenk techniques. Solvents were dried by passing
through molecular sieves or by distillation from sodium ben-
zophenone ketyl, under nitrogen, and were degassed by
freeze-pump-thaw cycles prior to use. Ethylene (from Air
Liquide) was purified by passing through molecular sieves
and KOH. Carbon dioxide was purified by passing through

molecular sieves. SnCl, was used as received from Aldrich.
Methyl methacrylate (MMA) and e-caprolactone (¢CL) were
purchased from Acros and were distilled over CaH, prior to
use. Undec-1-ene (from Aldrich) was distilled over sodium
prior to use. Lanthanidocene compounds Cp;LnClzLi(OEtz)z
la—c were synthesized according to a reported procedure
[26]. BEM 2 was obtained from Texas Alkyl as 20 wt.% solu-
tion in heptane [27]. GPC was performed on a Waters CPG
150C apparatus equipped with Varian and Tosoh TSK col-
umns. The eluent was 1,2,4-trichlorobenzene and the temper-
ature was maintained at 135 °C. NMR spectra of polymer
samples were recorded on a Bruker ASX400 spectrometer at
135 °C in 1,2,4-trichlorobenzene solutions, using either tetra-
chloroethane-d, or toluene-dg for internal lock. IR spectra
were recorded as polyethylene films using a Perkin—Elmer
221 spectrometer. DSC was run on a Perkin—Elmer DSC7 in-
strument with a scanning rate of 10 °C/min. Mass spectra were
recorded on a F.A.B. Kratos Concept Il MM apparatus, in the
negative mode, using triethanolamine matrix. GC analyses
were performed with a Chrompack 9001 chromatograph
equipped with a WCOT SIMDIST column and a flame ioniza-
tion detector.

2.2. Ethylene polymerization

In a typical experiment (run 1), the anhydrous and degassed
solvent (Isopar L, 500 mL) was placed in a thermostated
(80 °C) glass vessel equipped with a powerful magnetic stirrer
(1100 rpm). Ethylene inlet allowed to saturate continuously
the inner medium at 10 cmHg above atmospheric pressure,
ie. 114 kPa. A catalytic mixture of CpZNdClzLi(OEtz)z 1a
(64.1 mg, 0.1 mmol) and BEM 2 (2.76 g of the heptane solu-
tion, 5 mmol) was prepared under argon using usual Schlenk
techniques and diluted in 10 mL of toluene at ambient temper-
ature 1 h before being injected into the polymerization reactor.
The ethylene consumption was then monitored with a flowme-
ter. The polymerization was stopped (96 min after the catalytic
mixture injection) by hydrolysis with degassed water. The
polymer was recovered by precipitation using 2 L of methanol
acidified by 1 mL of concentrated HCI. The polymer was then
filtered, washed with pure methanol, dried and weighed
(44.1 g). GPC: M, [PDI], 4400 g/mol [2.4]. NMR, IR: no
branching detectable, vinyl terminations around 3% of the
total chain ends or 0.1 double bond for 1000 C. DSC:
mp = 134 °C, melting energy =220 J g~'. From a direct sam-
pling after hydrolysis, no oligomers were found by gas phase
chromatography. The same procedure was employed for runs
2—23 using conditions given in Tables 1—4. Only marked dif-
ferences in the results of the polymer analyses for theses runs
are reported in the corresponding tables.

2.3. Undec-1-ene homologation with ethylene

The ethylene polymerization was run with the samarium
precursor Cp>SmCLLi(OEt,), 1b (0.1 mmol), BEM 2
(1.0 mmol), undec-1-ene (10 mmol) in toluene (100 mL) at
100 °C. Gas phase chromatography was performed on aliquots
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taken with a syringe at different times and peaks were as-
signed by comparison of retention times with those of known
alkanes and alkenes.

Table 1

Effect of the dialkyl-magnesium amount”

Entry Mg (mmol)  Time (min)  Weight (g) M, (g/mol) M, /M,
2 0.2 5 9.6 2440 2.1
3b 0.5 5 8.2 2820 1.6
4° 1 5 44 1900 13
5° 2 5 3.1 690 1.3
6° 5 5 2.6 400 1.3
7° 10 5 2.5 nd nd
8a° 5 1.67 1.1 485 1.2
8b° 8 55 580 12
8c¢ 18 10.2 900 1.2
8d° 20 11 950 13
8e° 22 13.5 1130 15
9a° 1.1 1 0.7 540 13
9b° 25 22 970 13
9c* 5 3.6 1400 13
9d° 7 43 1640 1.4
10 1 25 23 990 1.3
114 1 5.5 2.3 980 1.3

% (CsMes),SmCI,Li(OEt,), 1b: 0.1 mmol unless otherwise specified; butyl-
ethyl-magnesium 2; solvent: Isopar L 500 mL; ethylene: 113 kPa; tempera-
ture: 80 °C.

° The same run without quenching at 5 min is shown in Fig. 3.

¢ Twenty millilitres sampling of the same runs 8 and 9. The weight indicated
is the ethylene amount measured by the flowmeter and was corrected to take
into account the previous samples.

4 (CsMes),SmCLLi(OEt,), 1b: 0.05 mmol.

Table 2
Number of growing polymer chains®

Entry Lanthanide (0.1 mmol) BEM (mmol) m /Mnb (mmol)
le Nd 5 10.1
12 Y 5 12.5
13 Sm 5 11.9
5 Sm 2 4.5
9d Sm 1.1 2.6
4 Sm 1 2.3

% Conditions: see Fig. 1, Tables 1 and 3.
b m/M, ratio between the consumed ethylene and the average molecular
weight of the polymer samples before precipitation.

Table 3

Lanthanide and solvent variation®

Entry  Ln Solvent Time Weight M, M, /M,
(min) (g (g/mol)

le Nd Isopar L 45 15.85 1560 1.3

12 Y Isopar L 23 13.5 1080 1.5

13 Sm Isopar L 35 13.5 1130 1.5

14 Sm Heptane 65 12.6 1030 1.2

15 Sm Toluene 120 34.7 2930 1.3

16 Sm Xylene 90 27.2 3070 1.5

17 Sm Mesitylene 80 37.6 3830 1.5

? (CsMes),LnCl,Li(OEt,), 1: 0.1 mmol; butyl-ethyl-magnesium 2: 5 mmol,
solvent: 500 mL; ethylene: 113 kPa; temperature: 80 °C. Polymer properties
were obtained for a 20 mL sampling at the starting precipitation, the weight
indicated is the ethylene amount measured by the flowmeter at this time.
The whole runs are depicted in Fig. 4.

Table 4

Temperature effect®

Entry Temperature (°C) Time (min) Weight (g) M, (g/mol) M, /M,
18° 0 48 1.6 2230° 21°
192 40 8 1.3 740 12
19b¢ 30 5.8 1050 44
19¢¢ 45 99 1560 22
202 60 5 1.9 760 12
20b¢ 15 6.1 910 1.3
20c! 21 7.3 990 1.3
20d¢ 29 8.7 980 1.3
20e! 31.5 94 1050 1.4
20f¢ 34 10.8 1200 3.8
20g* 42 13.0 1400 8.1
21° 100 3.7h 180 2110 2.0
22° 112 35h 250 2000 2.0
23° 140 4h 70 550 2.0

? (CsMes)>SmCL,Li(OEt,), 1b: 0.1 mmol; butyl-ethyl-magnesium 2: 5 mmol
otherwise specified; solvent: Isopar L 500 mL otherwise specified; ethylene:
113 kPa.

" Butyl-ethyl-magnesium 2: 1 mmol; solvent: toluene 100 mL.

¢ The polymer did not fully dissolve in 1,2,4-trichlorobenzene at 135 °C and
the reported molecular weight reflects only the soluble portion of the sample.
Molar masses up to million g/mol were visible on the GPC curve.

4 Twenty millilitres sampling of the same runs 19 and 20. The weight indi-
cated is the ethylene amount measured by the flowmeter and was corrected to
take into account the previous samples.

¢ Vinyl terminated polymer were detected by NMR: around 90 mol-% cor-
responding to unsaturation contents of 5.8, 6.4 and 23 double bonds for 1000 C
for runs 21—23, respectively.

2.4. Polyethylenyl carboxylic acids (H—(CH,—CH>),—
COOH)

Following the above-mentioned procedure using toluene as
the solvent (500 mL), CpiSmClzLi(OEtz)z 1b as the lantha-
nide precursor (0.1 mmol) and 100 equivalents of BEM 2
(10 mmol), the ethylene polymerization was run at 80 °C dur-
ing 7 min (90 mmol of ethylene were polymerized). Next, car-
bon dioxide was bubbled in the polymer solution for 2 h at the
same temperature. Usual work-up gave 4.2 g of the function-
alized polymer. IR: 7c—o 1710cm™'. '"H NMR (400 MHz,
1,2,4-trichlorobenzene, tetrachloroethane-d,): 6 12.64 ppm
(R—COOH). BC {'H} NMR (50 MHz, 1,2,4-trichloroben-
zene, tetrachloroethane-d;): 6 180 ppm (R—COOH). Mass
spectrometry: m/z [n in the parent ion formula H—(CH,—
CH,),—COO™] (abundance), 129 [3] (18), 157 [4] (60), 185
[51 (98), 213 [6] (100), 241 [7] (86), 269 [8] (58), 297 [9]
(38), 325 [10] (22), 353 [11] (13), 381 [12] (8), 409 [13]
(5); m/z [n in the fragmentation ion formula H—(CH,—
CH,),, ] (abundance), 169 [6] (8), 197 [7] (19), 225 [8] (30),
253 [9] (41), 281 [10] (45), 309 [11] (44), 337 [12] (37),
365 [13] (28), 393 [14] (20), 421 [15] (14), 449 [16] (9),
477 [17] (6).

2.5. Star-shaped polymer ((H—(CH,—CH>),)4Sn)

The ethylene polymerization was run with the samarium
precursor Cp;SmClzLi(OEt2)2 1b (0.1 mmol), BEM 2
(5.0 mmol) in Isopar L (500 mL) at 80 °C during 25 min
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(400 mmol of ethylene were polymerized). A control sample
was taken with a syringe. Then, SnCl, (2.5 mmol) was slowly
dripped in the mixture over several minutes. After 1 h reaction
at 80 °C, a usual work-up afforded 11.4 g of star-shaped poly-
mer. GPC: M, [PDI], 940 g/mol [1.2] (control sample),
2560 g/mol [1.5] (star-shaped polymer). The following analy-
sis was performed on the product obtained under similar con-
ditions, but with only 60 mmol of ethylene. '°C {'H} NMR
(50 MHz, toluene-dg): 6 9.6 ppm ((R—CH;—)4Sn), 14.4 ppm
(CH3—), 16.6 ppm ((R—CH,—)3Sn—), 23.2ppm (CH;—
CH,—), 27.6 ppm ((R—CH,—CH,—CH;—),Sn), from 29.9
to 30.2ppm ((—CH,—),), 32.4ppm (CH;—CH,—CH,—),
35.1 ppm (R—CH,—CH;—)4Sn).

2.6. Ethylene and methyl methacrylate diblock
copolymer (PE—PMMA)

The ethylene polymerization was run with the samarium
precursor CpZSmClzLi(OEtz)z 1b (0.1 mmol), BEM 2
(5.0 mmol) in Isopar L (500 mL) at 80 °C during 30 min
(440 mmol of ethylene were polymerized). A control sample
was taken with a syringe before the temperature was decreased
to —78 °C. Then methyl methacrylate (50 mmol) was carefully
added and allowed to react at the same temperature for 2 h. The
usual work-up gave 16.7 g of material. GPC : M, [PDI],
1040 g/mol [1.2] (control sample), 1450 g/mol [1.4] (material).
The crude copolymer was then submitted to an extraction using
refluxing acetone during 4 days in a Kumagawa apparatus. A
47% weight loss was observed and the insoluble fraction had
a polydispersity index of 1.1. IR analyses confirmed the pres-
ence of both types of polymer in the insoluble product.

2.7. Ethylene and e-caprolactone diblock copolymer
(PE—PeCL)

The ethylene polymerization was run with the samarium
precursor 1b CpZSmClzLi(OEtz)z (0.1 mmol), BEM 2
(5.0 mmol) in Isopar L (500 mL) at 80 °C during 30 min
(430 mmol of ethylene were polymerized). A control sample
was taken with a syringe before the addition of e-caprolactone
(500 mmol). After 1h reaction at 80 °C, the usual work-up
afforded 60 g of material. GPC : M, [PDI], 1100 g/mol [1.2]
(control sample), 4280 g/mol [12.7] (material). The crude co-
polymer was then submitted to an extraction using refluxing
acetone during 8 days in a Kumagawa apparatus resulting in
an 88% loss of weight. The extract remained bimodal
(PDI = 12.4) while the insoluble fraction had a polydispersity
index of 1.3 and M, = 1760. DSC and IR analyses confirmed
the presence of both type of polymer in the insoluble product.

3. Results
3.1. Living character study
All polymerization experiments started under stirring by

the injection of the catalytic mixture consisting of the lantha-
nidocene chloride 1 and the alkylating agent 2 in a glass vessel
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Fig. 1. Ethylene consumption during run 1. Conditions: (CsMes),NdCl,.
Li(OEt,), 1a: 0.1 mmol; butyl-ethyl-magnesium 2: 5 mmol; solvent: Isopar
L 500 mL; ethylene: 113 kPa; temperature: 80 °C. Intermediate points la—
1h were obtained from a 20 mL sampling of the run, followed by a scaled
work-up.

containing the solvent saturated with ethylene under stirring at
atmospheric pressure. A flowmeter on the ethylene feed allows
to follow the ethylene consumption. An example of the ethyl-
ene consumption curve is depicted in Fig. 1 for run 1.

One can easily distinguish two parts, which can be related
to the physical state of the polymerization medium. During the
first part, the medium is homogeneous, transparent and colored
according to the lanthanide used: light blue for Nd, orange for
Sm, colorless for Y. The second part is characterized by a het-
erogeneous medium (white precipitate). After an equilibration
period at the early stage of the run, the rate of ethylene con-
sumption remains constant during a time which will be shown
dependent on the magnesium content, before a sharp increase
occurring at the beginning of precipitation. In cases where pre-
cipitation could be avoided (vide infra, at higher temperature),
a steady state ethylene consumption was observed for several
hours.

Sampling the polymerization medium of run 1 (entries
la—1i in Table 1) gave more details about the polymerization
process. Analyses of the samples by size exclusion chromatog-
raphy allowed to trace the graph representing the average length
of polymer chains (M,) versus the polymer weight (measured
by integration of ethylene consumption) (Fig. 2, left part).

Apart from the first point, the curve is a straight line. The
deviation of the first point might be attributed to the presence
of light oligomers which cannot be detected. Even if the aver-
age molecular weight grew regularly, the mass distribution
was not always uniform during the process as exemplified in
Fig. 2, right part. In the homogeneous stage (samples 1la—d;
thin lines) unimodal and narrow distributions were found,
proving that, statistically, all chains grew steadily. However,
the values circa 1.2 for the polydispersity index (PDI =
M,, /M) were noticeably higher than expected for perfect sta-
tistics corresponding to a Poisson distribution (1.0). Then,
when the medium became heterogeneous (samples 1f—h, thick
lines), the distribution turned to be bimodal: a second hump
appeared, showing that some chains are growing more rapidly
than the others. However, it is also noteworthy that the low
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Fig. 2. Living character study. Molecular weight, polydispersity index and mass distribution by GPC analysis of the samples from run 1 (conditions: see Fig. 1).

masses hump disappeared progressively. At the end of the pro-
cess (final polymer 1i), the distribution was again unimodal,
with a polydispersity index of 2.4. These GPC data indicate
that each polymer chain was growing all along the process
but grew only at a slow rate in the homogeneous stage, up
to molar masses of around 1400 g/mol. This rate became faster
in the heterogeneous stage, giving higher polymer chains. The
major part of the applications presented below will deal with
results obtained in the homogeneous stage, after the initial
equilibration period.

3.2. Effect of BEM concentration

Earlier studies already pointed out that the dialkyl-magne-
sium amount had much effect on the characteristics and the
amount of the polymer obtained [23]. In this work, a more de-
tailed and systematic study of this effect has been performed
(runs 2—7 in Table 1).

The analysis of the ethylene consumption curves in Fig. 3,
left part, shows a decrease of the activity with a concomitant
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lengthening in time of the homogeneous stage obtained for
experiments involving higher amounts of BEM.

This series of curves indicates that an excess of BEM re-
duces the ethylene consumption rate. In the second step, after
the precipitation has occurred, the ethylene consumption rea-
ches a maximum, which is more or less at the same level.

3.3. Number of growing polymer chains

As far as the polymers obtained with different BEM
amounts are concerned, the study of the average molecular
weight versus the polymer production is very informative. In
Fig. 3, right part, is plotted the average molecular weight of
the polymer versus the amount of polymer during reactions in-
volving the use of 1 mmol and 5 mmol Mg, corresponding to
runs 8 and 9 in Table 1. The two straight lines indicate first
that in both cases, a living process is occurring and second
that, from the ratio between the two slopes (circa 5), the mo-
lecular weight is closely related to the amount of magnesium.
Table 2 compares the number of the growing polymer chains

3
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Fig. 3. Effect of the dialkyl-magnesium amount. Ethylene consumption and living character study. Conditions: see runs 2—7 in Table 1 without quenching at 5 min.
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(the slopes of the above-mentioned straight lines) upon
using different lanthanide precursors and different BEM
concentrations.

One can notice that the calculated growing chain number is
almost the same as the number of the alkyl groups which can
be delivered by the Grignard reagent. Thus, all of the alkyls
supplied by BEM, whatever their amount, are each used as
initiator for the polymerization.

The linear relationship between chain lengths and polymer
weights suggests first a living chain growth; the narrow molec-
ular weight distribution observed in the first stage where
a steady state ethylene consumption is also observed, as well
as values of the alkyl chain number identical to that of the al-
kyl groups available from the magnesium dialkyls is consistent
with a reversible transfer reaction between the magnesium
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dialkyl/polyethylenyl compound and the mononuclear lantha-
nidocene alkyl/polyethylenyl propagating species. This ex-
change must be rapid as compared with the propagation rate,
and is probably occurring via polynuclear alkyl bridged inter-
mediates. Since the reaction rate decreases with an increase of
the Mg/Ln ratio, these polynuclear Ln—Mg bridged complexes
must be considered as dormant species. Their structure is
based on the usual ones of magnesium or aluminum alkyls,
including bimetallic structures [19]. The proposed reaction
mechanism is depicted in Scheme 1.

Whatever the structure of these intermediates be, well-con-
trolled polymerization processes are obtained with systems in
which active species are in very low concentration but in equi-
librium with dormant species with a fast exchange rate. Link-
age of the polymer chain to both lanthanide and magnesium
will allow for the synthesis of functionalized polymer and
block copolymers (see Section 3.9). Unlike ATRP [28]
and group transfer polymerization [29], which imply radical
and anionic mechanisms, respectively, the present controlled
process is based on a coordination/insertion mechanism.

3.4. Lanthanide and solvent variation

CpZLnClzLi(OEtz)z catalytic precursors 1b (Ln = sama-
rium, run 13) and 1c¢ (Ln = yttrium, run 12 in Table 4) were
compared with la (Ln=neodymium) under the same
conditions.

The corresponding ethylene consumption curves are de-
picted in Fig. 4, left part. The same shape was observed: a
homogeneous stage with a steady state ethylene consumption
followed by a strong enhancement when the precipitation
started. These rates at the end of the first stages were in the
order Y > Sm > Nd. However, the polymer characteristics
were similar.

Various solvents were also tested (see Fig. 4, right part,
and runs 13—17 in Table 3). It appears from the GPC data
that dialkyl-magnesium compounds Mg(PE), just before pre-
cipitation had longer alkyl fragments in aromatic solvents
(M, > 3000 g/mol, runs 15—17) than in aliphatic ones
M, ~1100 g/mol, runs 13 and 14). Within each class of sol-
vent, the higher their boiling point, the longer alkyl fragments
and the higher ethylene consumption rate were observed.
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Fig. 4. Ethylene consumption: comparison between several lanthanidocenes and between several solvents. Conditions: see runs 1 and 12—17 in Table 3.
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3.5. Temperature effect

The temperature effect on the polymerization rate is shown
in Fig. 5, left part, by ethylene consumption curves versus time
for the samarium precursor 1b and in the right part of Fig. 5
which presents the evolution of the activity according to the
temperature for different dialkyl-magnesium amounts associ-
ated with the neodymium precursor 1a (neodymium).

In the high temperature range (above 100 °C) the precipita-
tion was avoided owing to the better solubility of the polymers
and to the relatively low molecular weights due to the occur-
rence of a transfer to monomer process (vide infra). One could
notice the stability of the catalytic system during several hours
without any decrease of activity. For run 22, the reaction had
to be stopped because of the viscosity enhancement of the ho-
mogeneous solution (250 g PE in 500 mL of solvent). The op-
timum of activity near 110—120 °C can best be seen in Fig. 5,
right part. The results presented in this figure were obtained
with a set of complementary experiments where the tempera-
ture was varied all along the polymerization process. The data
correspond to values related to steady state ethylene consump-
tion at the corresponding temperature and Mg/Nd ratio. The
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right part of the curve obtained with the lowest magnesium
amount (over 115 °C) denotes that irreversible deactivation
is occurring, since the ethylene consumption could not be sta-
bilized and slowly decreased with time. Hence, the presence of
dialkyl-magnesium compounds in excess appears to be neces-
sary to prevent irreversible deactivation at high temperature.
Considering the experiments conducted in the low temper-
ature range (runs 18—20), three different observations lead to
the same interpretation. First of all, in contrast with reactions
conducted at 80 °C where the precipitate appears suddenly, at
60 °C the precipitate is gradually formed over several minutes.
For temperatures below 40 °C, precipitation already starts
slightly at the beginning of the experiments. Second, the chain
number calculated from polymer yield and average molecular
weight (see Fig. 6, left part) is close to the number of alkyl—
metal bonds present in solution at 80 °C, while at 60 °C and
worse at 40 °C, this chain number is much lower than the
number of alkyl-magnesium units. This means that some
alkyl-magnesium groups had not the opportunity to grow rap-
idly enough to give polymer chains. Finally, the mass distribu-
tions for the experiment carried out at 40 °C (see Fig. 6, right
part) have a bimodal shape: a first distribution appears near
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Fig. 5. Temperature effect. Left: ethylene consumption for identical BEM amounts. Conditions: see run 13 in Table 3 and runs 18—23 in Table 4. Right: steady state
ethylene flow for different magnesium concentrations. Data points indicate the temperatures for which equilibration was waited to have a steady state ethylene
consumption. Conditions: 50 pmol of the neodymium precursor 1a in 25 mL of isododecane under 114 kPa of ethylene.
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1000 g/mol (PDI =1.2) at the beginning of the experiment;
then a second distribution near 50,000 g/mol, becoming
more and more important with time, enlarges the polydisper-
sity indexes. This heavy polymer chain corresponds to the
gradual formation of the precipitate. Compared with the mass
distribution profiles obtained at 80 °C where the bimodal
distributions have values corresponding to circa 1400 and
4400 g/mol (see Fig. 2, samples 1f—h), the molar mass differ-
ence between the light and the heavy distributions is much
more pronounced at 40 °C. All these observations (precipitation
time, variation of the growing chain number, and monomodal
vs. bimodal mass distribution) are consistent with the fact
that two different regimes appear successively at 80 °C, whereas
both are occurring simultaneously at lower temperature.

The experiment run at 0 °C (entry 18, Table 4), gives the
limits of the lanthanidocene/dialkyl-magnesium catalytic sys-
tem in the lower temperature domain. The first stage (see
Fig. 5), which is lasting 40 min with an ethylene consumption
almost negligible, looks like an induction period. As a result,
the final polymer was found to be partly insoluble in 1,2,4-tri-
chlorobenzene at 135 °C and the soluble part showed, by GPC
analysis (see Fig. 6), some very high molar mass polyethylene,
higher than 10° g/mol. Similar results have already been ob-
tained previously for ethylene polymerization catalyzed by
lanthanides [30]. The GPC curve reflects a broad distribution
(PDI =21) corresponding to an uncontrolled process.

As far as the control of the chain growth transfer polymer-
ization is concerned, the above results related to the tempera-
ture effect are of interest for a better understanding of the
reversible chain growth process, as well as for others related
to the occurrence of a exchange reaction between a polymeri-
zation catalyst and main group metal moieties used in excess
for a living transfer polymerisation. Namely, a good control of
the living character of a chain transfer polymerization is only
obtained when the transfer reaction rate is much higher than
the propagation rate. The relations between the transfer effi-
ciency and the polydispersity were described for example in
the case of ring opening polymerization of cyclic esters [31].
In our case, the polydispersity index observed during the first
stage of a typical polymerization run (80 °C, PDI = 1.2 in run
1), evidences that the transfer rates are in agreement with the
above criteria.

The experiments conducted at lower temperatures (runs
18—20 at, respectively, 0 °C, 40 °C and 60 °C) gave valuable
insight on the evolution of the kinetic ratio between the ethyl-
ene insertion and the alkyl exchange reaction rates. Qualita-
tively, when the reaction temperature is lowered from 80 to
40 °C, the observation of earlier and gradual precipitation,
the lower number of growing chains (Fig. 6) and the broader
mass distribution suggests that the exchange rate decreases
more rapidly than the insertion rate from 80 °C to 40 °C. As
a result, the high overall polydispersity index (i.e. PDI =21
at 0 °C) can be attributed to a low transfer rate, and consistent
with the well known high intrinsic activity [9] of the active
centers even at low temperature. In terms of activation energy,
the insertion/propagation reaction must have a lower barrier
than the exchange reaction. These results also mean that if

one would be interested in such transfer reactions, doing
experiments at different temperatures may have a strong influ-
ence on the overall process upon tuning the relative propaga-
tion to transfer reaction rates and therefore allow or not
a reversible and controlled chain growth transfer.

3.6. Requirements for an efficient and controlled living
transfer reaction

Some conditions must be fulfilled to have a controlled mo-
lecular weight using the CpZLnClzLi(OEtz)z/BEM combina-
tion. They can be deduced from the analysis of the reaction
mechanism depicted in the previous scheme. The curve (ethyl-
ene consumption) vs. time for all reactions conducted at 80 °C
(Fig. 1) is fully consistent with a sudden, sharp increase in the
amount of active propagating species. A rather stable ethylene
consumption is observed at the beginning of the reaction,
where all the process is occurring in an homogeneous phase,
that is when the equilibria depicted in Scheme 1 are occurring.
Deviation from this ideal situation is occurring suddenly when
the catalytic solution becomes cloudy, due to precipitation of
part of Mg(PE), compound, via an equilibrium displacement.
Due to this precipitation, the concentration of dialkyl-magne-
sium in solution decreases, resulting in an increase in mononu-
clear active Cp,Ln-R species, which rapidly insert ethylene to
produce higher molecular weight polymer. This results in a bi-
modal distribution (see Figs. 2 and 3), which finally lasts with
a broad, but unimodal one at the end of the ethylene consump-
tion. The occurrence of a stable polymerization process is
viable only if the amount of dialkyl-magnesium is large
enough to provide a control of the amount of active species:
similar phenomena are occurring at different reaction times,
according to the Mg/Nd ratio (Fig. 3), but also depend on
the nature of the lanthanide catalyst, as well as that of the sol-
vent (Fig. 5). These differences are most probably due to the
aggregation ability of the Ln-R/MgR, systems, which depends
on the metal and the solvent, which has, in addition, different
solubilizing properties towards the polyethylenyl Grignard
compounds produced during the process.

Therefore, the aggregation ability of the system is a key
factor for controlling the activity and stability of the polymer-
ization process. Two ways can be used to dissociate aggre-
gates: dilution and addition of coordinating solvent. The first
one is exemplified by simply adding solvent during one run
which results in an increase of the reaction rate (see Fig. 7).
This diluting effect corresponds to a higher dissociation degree
of the Ln—Mg aggregative structures. The second one con-
cerns the use of a coordinating solvent such as THF, which
may exert a strong influence on the mononuclear dialkyl-mag-
nesium and/or alkyl-magnesium—alkyl-lanthanide aggregates.
When used in excess (THF/Ln = 10), such a O-donor ligand is
known to reduce the activity of well-defined alkyl-lanthanido-
cene species via coordination on the metallic center, but not
completely inhibiting polymerization [8a]. In our hands (see
Fig. 7), using two equivalents of THF per magnesium, that
is a forty fold excess vs. Nd, resulted in a marked and short
living enhancement of the ethylene consumption. This
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Fig. 7. Effect of dilution and addition of coordinating solvent on the ethylene consumption. Conditions: (CsMes),NdCI,Li(OEt;), 1a: 0.1 mmol; butyl-ethyl-
magnesium 2: 2 mmol; ethylene: 114 kPa; temperature: 100 °C. The medium was always homogeneous.

promoter effect of THF can be rationalized by the coordina-
tion of the ether ligands to the dialkyl-magnesium compounds
allowing the displacement of the equilibrium from the dor-
mant heterometallic aggregates to a Mg—THF adduct along
with free Ln-alkyl moieties, resulting in the activity
enhancement.

3.7. Polymer properties

The hydrolysis and work-up of the usual polymerization
medium (for example run 1 in Table 1) afforded polyethylene
with the following features: sharp melting points around
134 °C, high density (>0.96) and high crystallinity (melting
energies of 220 J g~ '). The IR and NMR data did not provide
evidence for any branching. The double bond amount for this
polymer obtained at 80 °C was found to be very low: 3% of
chain ends were vinyl terminated at the end of run 1, which
corresponds, for this polymer with M, = 4400 g/mol, to an
unsaturation content of 0.1 double bond for 1000 carbon
atoms. Similar results, though with some deviations, were
found for the other runs up to run 20. However, a-olefins,
i.e. vinyl terminations, are found at higher temperatures:
around 6 double bonds for 1000 C at 100 and 112 °C (runs
21 and 22) and up to 23 double bonds for 1000 C at 140 °C
(run 23). This corresponds, taking into account the M, for
those three runs, to ca 90% vinyl terminations. The classical
process, which accounts for vinyl end group formation, is gen-
erally ascribed to P-hydrogen elimination. The generated
hydrido-lanthanide species act as a new initiator for a new
polymer growing chain, so that the whole reaction is a transfer
to monomer process. The transfer reaction to ethylene can
also be estimated by the increase of polymeric chain number:
171/1\_4n = 8.5, 125 and 127 mmol, respectively, at the end of
runs 21 (100 °C), 22 (112°C) and 23 (140 °C), while at
80 °C, the polymeric chain numbers using any of the three pre-
cursors la—c are only slightly higher than the number of alkyl-
metal initiating species (10 mmol): m/M, = 10.1 (neodymium,
run le), 11.9 (samarium, run 13) and 12.5 mmol (yttrium, run
12 in Table 2). In the absence of dialkyl-magnesium in excess,

using well-defined alkyl-lanthanidocene, the transfer reaction
to ethylene usually occurs at lower temperatures [32].

Another striking point in this work is that experiments were
not altered by catalyst deactivation through 7t-allyl complex
formation in the presence of vinylic compounds [33]. Taking
into account the double bond level and the weight of polymer
at the end of each run, the olefin concentrations were esti-
mated to be 0.15mol L' for run 21 and 0.23 mol L™ for
runs 22 and 23. In fact, traces of internal double bonds could
be detected by NMR (5% max. of the double bond content in
runs 21—23). This means that, due to peculiar experimental
conditions, the possible -allyl complexes can insert ethylene
by shifting the 1*-coordination mode to a ' mode of binding,
as it has been already reported in other cases [34].

3.8. Ethylene polymerization in the presence of a-olefins

Following earlier reports on a-olefins polymerization with
well-defined lanthanidocenes [10a], we checked that propyl-
ene could not be polymerized with the lanthanidocene 1 and
dialkyl-magnesium 2 mixture [35]. In addition, attempts to
copolymerize ethylene and but-1-ene failed [23], since the
polymers obtained were always highly linear polyethylene.
However, in these experiments conducted at high pressure
and high temperature (1200 bar, 200 °C), a transfer mecha-
nism to butene was evidenced by the lowering of the average
molar mass obtained when the butene content of the feed was
increased. This transfer to monomer process may be a useful
way to incorporate o-olefins in the polymer chain, as it has
been reported in zirconocene chemistry [36].

Fig. 8 gives the chromatogram of the oligomeric fraction of
the polymer obtained during run 24 (Table 5) where undecene
has been introduced at the beginning of the reaction.

Evidence is given for an oligomer distribution with an odd
number of carbon atoms, along with the usual even distribu-
tion arising from the lanthanidocene/BEM catalyst. Undec-1-
ene incorporation is obviously occurring to account for the
odd number chain distribution. Since methyl branches were
not detected in the polymer, only 1,2-insertion seems to be
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Fig. 8. Gas chromatography plot of the oligomeric fraction of the polymer obtained for the homologation of undecene (run 24 in Table 5).

effective. We can therefore conclude that, in our experimental
conditions, a-olefins can insert into lanthanide hydride bonds
but not into lanthanide carbon bonds, while ethylene can be in-
serted in both types of bonds. Such trends have been clearly
elucidated earlier from NMR and field desorption mass spec-
trometry analysis of poly(ethylene-d,) obtained in the pres-
ence of pent-1-ene with a samarocene catalyst [37].

3.9. Applications of Mg(PE), compounds

Considering an ethylene polymerization conducted at 80 °C
using BEM in excess, during the first stage, the net result be-
fore hydrolysis consists of polyethylenyl fragments bonded to
lanthanide and most of them to magnesium. The behavior of
these magnesium compounds was studied by testing typical
reactions, reported in Table 5.

The polymerization reaction mixture behaves in a very
similar manner as Grignard’s compounds during addition of
carbon dioxide and halide substitution in SnCl,. The expected
products are obtained in good yields and with satisfactory an-
alytical properties. Carboxylic acids obtained in run 25 (Table
5), were analyzed by IR, NMR (see Section 2.4) and by mass
spectrometry (Fig. 9).

The major distribution in the mass spectrum is attributed
to the parent ions of formula H—(CH,—CH,),—COO"". The
ethylene unit number, n, was detected between 3 and 13.
The maximum abundance was observed for n=6, in ac-
cordance with the expected average molar mass (BEM:
10 mmol, functionalized polymer: 4.2 g, expected average
molar mass: 210 g/mol, H—(CH,—CH,)¢—COO™: 213 g/mol).
Another distribution is superimposed with lower abundance
and higher masses than the first one. It is attributed to frag-
mentation ions of formula H—(CH,—CH,),, and most proba-
bly corresponds to the result of a CO, loss from the parent
ions. In this distribution, » was detected between 6 and 17,
with a maximum abundance of 45 for n = 10.

A star-shaped polyethylene was obtained via a transmetalla-
tion using SnCly (run 26, Table 5) in analogy with known
procedures [18]. It was analyzed by GPC (Fig. 10, left part).

A marked enhancement of the molar masses was found
when comparing the sample hydrolyzed before and that result-
ing from the exchange reaction. The major part of the latter
distribution is sharp but the presence in the low molar masses
of uncoupled polyethylene resulted in a 1.5 polydispersity
index. An experiment similar to run 26 was performed with
a lower ethylene amount. As expected, the product had short

Table 5

Applications of lanthanidocene/dialkyl-magnesium catalytic systems

Entry Name Ethylene polymerization® Second step reaction Analyses

24 Homologation of Mg: 1 mmol, toluene: Hydrolysis GC: odd and even C,, distributions,

undec-1-ene 0.1L, C;;H5,: 10 mmol,
temp.: 100 °C, 4 min
Mg: 10 mmol,

toluene: 0.5 L, 5 min

25 Polyethylenyl
carboxylic acids

26 Star-shaped polymer 25 min
27 PE—PMMA copolymer 30 min
28 PE—P&CL copolymer 30 min

40/60 weight ratio

CO, bubbling for 2 h,
yield: 4.2 g

Mass spectrometry: distribution
centered on C,3 acids. Satisfactory
NMR and IR analyses

GPC: branches M,=940 g/mol

(PDI = 1.2), star polymer

M, =2560 g/mol (1.5),

satisfactory NMR analyses

GPC: PE block M,=1040 g/mol (1.2),
copolymer M,,=1450 g/mol (1.4),
satisfactory IR analyses

GPC: PE block M, = 1100 g/mol (1.2),
copolymer M,, = 4280 g/mol (12.7),
satisfactory DSC and IR analyses

SnCly: 2.5 mmol, 80 °C,
1 h,yield: 114 ¢

MMA: 50 mmol, —78 °C,
2h, yield: 16.7 g

e¢CL: 500 mmol,
1 h, yield: 60 g

? (CsMes)>,SmClL,Li(OEty), 1b: 0.1 mmol; butyl-ethyl-magnesium 2: 5 mmol otherwise specified; solvent: Isopar 0.5 L otherwise specified; ethylene: 114 kPa;

temperature: 80 °C otherwise specified.
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star

PE PE-PMMA PE
branches blocks copolymer blocks
PE-PCL copolymer
T T T T T T T
2 3 4 5 2 3 4 5 2 3 4 5 6
Log Mw Log Mw Log Mw

Fig. 10. GPC plots of the star-shaped polyethylene, the PE-PMMA and the PE—P&CL copolymers and the corresponding PE blocks obtained for runs 26—28 in

Table 5.

branches and this allowed a better characterization of the chain
ends and the core of the star-shaped product via '*C NMR
analysis (see Section 2). The data are consistent with a four-
arm structure (R—CH,—),Sn, together with a three-arm
structure (R—CH,—)3Sn in a 3/1 ratio.

Several studies describe successful copolymerizations by
reaction of pure polyethylenyl-lanthanide compounds with po-
lar monomers including methyl methacrylate and lactones
[38]. In our case, block copolymerisations were run starting
from polyethylenyl lanthanide and magnesium mixtures with
methyl methacrylate and with e-caprolactone. For methyl
methacrylate, the experimental conditions of the second poly-
merization step have been chosen by analogy with published
procedures of living anionic polymerization initiated with
magnesium alkyls [39]. As can be seen in run 27 (Table 5),
the molecular weight enhancement between the first block
and the final product is consistent with the bonding of the
two polymers (Fig. 10, middle part). A polar block with an av-
erage molecular weight of around 500 g/mol was successfully
grafted on a polyethylene block with an average molecular
weight of above 1000 g/mol. The polydispersity index remains
satisfactory proving the living nature of the process. IR anal-
yses confirmed the presence of both types of polymer in the
residue of extraction with boiling acetone during 4 days in
a Kumagawa apparatus. This means that the polar blocks,
whose corresponding homopolymer is soluble in acetone,

were grafted to sufficiently long blocks of non-polar poly-
ethylene to become insoluble.

For e-caprolactone, the second polymerization step was
conducted at the same temperature as the ethylene polymeriza-
tion step (see run 28 in Table 5). Large amounts of product
were easily obtained. In this case, however, the GPC analysis
of the crude product showed a bimodal distribution which re-
sults in a high overall polydispersity index (Fig. 10, right part).
Such a situation should result from a two site catalytic process.
Actually, lanthanides are among the most active catalysts for
ring opening polymerization of lactones and lactide [40].
Hence, we suggest that the polyethylenyl lanthanide, although
in minor amounts (1% of the polyethylenyl amount, Mg/
Nd = 50), gives rise to a copolymer with a very long polyester
block centered at 80,000 g/mol and accounting for 70% of
the crude product weight (based on the area of the GPC curve).
In contrast, polyethylenyl magnesium is much less reactive
and gives rise to a copolymer with short polyester blocks since
the PE block had M, = 1100 g/mol and the corresponding
copolymer is centered at 2300 g/mol. According to these
numbers, the PE block accounts for 48% of the low molar
mass copolymer, while it accounts for only 1.4% in the high
molar mass copolymer. Extraction of the crude product with
boiling acetone during 8 days in a Kumagawa apparatus
gave a residue accounting for 12% of the overall polymer,
40% of the low molar mass copolymer and was monodisperse
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with My, /M, = 1.3. Analyses of the residue by DSC and IR
spectroscopy revealed the presence of both types of polymer
(PE and PCL). Hence, this residue also contains polycapro-
lactone blocks bearing sufficiently long blocks of non-polar
polyethylene to be insoluble. It evidences that chemical bond-
ing between PE and PCL is effective for the shortest chains.

3.10. Concluding remarks

We think that the most original results obtained with our
system, i.e. stabilization of the active species and rapid
exchange, are to be attributed to the presence of the dialkyl-
magnesium compounds and alkyl-lanthanidocene compounds
in associated structures. We suggest that B-hydrogen interac-
tions (the key step for the elimination route [32]) may be dis-
favored with the lanthanide centers because of competition
with the magnesium centers. Agostic interactions, particularly
for hydrogen in f3 or y positions are commonly observed in di-
alkyl-magnesium aggregates [41]. It is clear that the fast trans-
fer process implies a fluxional behavior between the Ln/Mg
and Mg/Mg alkyl bridges. What is still unknown is if these
processes, especially the most important one involving
Ln/Mg alkyl exchanges, are occurring via a dissociative or as-
sociative pathway. One possibility would be that this exchange
would occur via a doubly bridged four-centered bimetallic
complex, by the transient formation of m'/n? coordinating
MgR3® moieties (see the proposed alkyl exchange process in
Scheme 1). An associative pathway via a multiple-bridged
structure has been recently proposed in the case of rare-earth
tetraalkyl-aluminate complexes [42]. The occurrence of a dis-
sociative ionic pathway involving transient magnesiate anions
is here less probable, as even if ionic compounds like Cp>Y
© AlMe, were identified at high temperature [10a], attempts at
generating szLn-R species using 1 and AlEt; as alkylating
agent have led to inactive species. In this case, as well as in
other 1/alkylating reagents such as Al(iBu);, LiAlH,4, ZnEt,
and MAO, no polymerization occurred [23a]. Butyl-lithium
and phenyl-lithium gave polymerization, but without transfer
when using an excess of these reactants. Therefore, we are
confident that the major feature allowing the above reaction
to occur in a propagation/transfer living process is a close
match between Cp,Ln-C and RMg-C bond strengths. This
has to be taken into account in further research aimed at the
discovery of any catalyzed chain growth reaction (CCG)
[16b] via a fine tune of the metal(s) environment(s). Whether
the alkyl exchange is occurring via magnesium—lanthanido-
cene, polynuclear aggregated species or simple dinuclear alkyl
bridged complexes Ln—Mg is still an open question, for which
the answer would only be clarified upon experiments leading
to well-defined Ln/Mg species. Attempts at such reactions
are currently under way in our laboratory.

4. Conclusion
The catalytic properties of the lanthanidocene/dialkyl-

magnesium mixtures for ethylene polymerization were exten-
sively studied by varying the most important parameters such

as magnesium concentration and temperature. Observation of
the ethylene consumption curves and careful analysis of the
isolated polyethylene showed that under specific experimental
conditions, this system could be considered as living. The
specific properties of this peculiar catalytic system obtained
by the lanthanidocene and dialkyl-magnesium mixture result
from the specific characteristics of each component. The
lanthanidocene complex is responsible for an excellent poly-
merization activity, while the dialkyl-magnesium compound
stabilizes the active species and acts as a very efficient transfer
agent. All of the alkyls provided by the magnesium com-
pounds in excess could each initiate polymerization. Due to
fast and reversible exchanges at 80 °C, all of them can grow
steadily in an overall living process. This work affords an
example of controlled polymerization based on equilibrium
between active and dormant species with a coordination/inser-
tion mechanism involving lanthanides and magnesium, and
compares well with the recent work of Gibson based on
iron/zinc catalyzed chain growth polymerizations, where mo-
nomeric diethyl-zinc acts as the transfer reagent. In our case,
long chain dialkyl-magnesiums are produced similarly from
butyl-ethyl-magnesium, although they are well known to be
rather in aggregated structures than monomeric ones. As far
as the application of these higher dialkyl-magnesiums is con-
cerned, they behave as classical Grignard reagent. In this
work, such functionalization by carbon dioxide has been per-
formed and the block copolymerization with polar monomers
by an anionic mechanism was successfully tested. This in situ
alkylating method that affords lanthanide active species for
polymerization also proved to be useful with other monomers
[43], as well as using other lanthanidocene precursors [44] and
alkylating agents [45]. It should also be emphasized that re-
cently, this process has been successfully applied to produce
alkoxyamine-terminated PE’s and sulfur-functionalized PE’s,
useful as macroinitators for controlled radical polymerization
and for RAFT polymerization, respectively [46]. Other appli-
cations could be the use of these Grignard compounds as reac-
tants for grafting to dyes or to biologically active molecules to
give them lipophilic properties via ponytail structures, and
using the chain length control of the polymer for a fine tuning
of the hydrophilic—lipophilic balance for the required
application.
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