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ABSTRACT: Ethylene polymerization is performed isthially either by radical polymerization under
severe conditions (1000-4000 bar, 200-300°C) ardiglytic mechanism at lower temperatures (usually
less than 100°C) and pressures (below 50 bar)d&tdmadical polymerization conditions are too seve
to permit a fine control of the macromolecular @etture. Under milder conditions radical ethylene
polymerization is assumed to be ineffective, whinels been confirmed using toluene as solvent. The
efficiency of free radical polymerization under dhitonditions (up to 250 bar of ethylene and a
polymerization temperature between 50°C to 90°G)leen investigated in THF which is a more polar
solvent than toluene. In this solvent, polyethyldres been obtained with relatively good yields
highlighting an unexpected high solvent effecthie free radical ethylene polymerization. This sotve

effect has been rationalized using theoretical icemations.



Ethylene is industrially polymerized either by reali polymerization under severe conditions or by
catalytic polymerization at lower temperatures pressures. Free radical polymerization of ethyisne
performed under high pressure (1000-4000 bar) agll temperature (200-300°C) in butk.Under
these conditions radical polymerization providelsranched polyethylene due to uncontrolled transfer
reactions to polymer. Polymers possess a degregystallinity of 45-55% and melting points of 105-
115°C. They contain 15-25 short-chain branches2abBdong-chain branches per 1000 carbon atoms.
Catalytic polymerizatioris' generally occur at low pressure (1-50 bar) and femperature (near or
below 100°C). Under intermediate conditions (100°€) 100-500 bar) an anionic oligomerizafifof

ethylene (“Aufbau” reaction) occurs leading toreehr polyethylene with low molecular weight.

At ethylene pressure below 300 bar and low temperat<100°C) radical polymerization has been
shown to be inefficient, unless ethylene is actidaby strong Lewis acid such as original lithium
cations! Clark’s calculation®® of the gas-phase activation energy of methyl eddiddition to ethylene
predicted a decrease from 60 to 25 kJ/mol wherlaibyis complexed with Li

The development of radical polymerization of ethgleunder mild conditions (P<250 bar and
50°C<T<90°C) is an important challenge since it ma@yen a new field of radical ethylene
polymerization allowing the use of solvents, orgaadditives and classical radical initiators sush a
diazo compounds. Solvent effects have been obsenveadical polymerization with common vinyl
monomers>* although this effect remains tiny except for virgtetate. To our knowledge, the
influence of the solvent has not been discussedaiical polymerization of ethylene. In the present
paper, radical ethylene polymerization is repotsihg two solvents having different polarities uterhe
and THF. The solvent influences on productivity qadyethylene molecular weight are discussed and

rationalized.

Radical polymerization of ethylene was performedGfiC in the range of 10 to 250 bar using AIBN
as initiator in toluene (Figure 1). Toluene wassgin a first approach as a typical solvent ofsthery

catalytic polymerization of ethylene performed gssmmilar conditions.
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Figure 1: Pressure influence on ethylene radiclinperization
m : 50 mg AIBN, 50 mL toluene 4 h at 70°C under &hg pressure

: 50 mg AIBN, 50 mL THF 4 h at 70°C under ethylgmessure

Under 50 bar of ethylene pressure no polymer wdaird. From 50 to 250 bar polymerization
occurred but conversion of ethylene remained vewy (3% conversion considering a solubility of
ethylené? of 470 g/L under 100 bar at 70°C). As expectedr#ubcal polymerization of ethylene was
inefficient under mild conditions using toluenesadvent.

We investigated ethylene polymerization in THF {¢gb solvent for radical polymerization), with the
aim to improve yield. Surprisingly polymerization THF occurred down to 10 bar of ethylene, an
unusual pressure range for pure radical polymeozatf ethylene. At 100 bar 3.9 g of polyethylene
were isolated, corresponding to 17% of conversi®adical polymerization of ethylene was about 6
times more efficient than in toluene. As alreadyntitmed, solvent impact is usually a tiny effect in
radical polymerization, but in the case of ethylpol/merization solvent seems to play a major role.

The produced polyethylenes were moderately branohbdth solvents (7 branches/1000C in toluene
and 9 branches/1000C in THF) as determinetP®NMR"® (see supporting information Figures S1 and

S2) and have a melting point between 115°C and@ E3fd a crystallinity of 55-70% (see supporting
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information Table S1)**C NMR spectra showed only butyl and longer chaianbhes and no vinyl
chain end. Transfer to solvent provided respectipblenyl-ended and THF-ended polyethylenes which
were fully identified by*C NMR (see supporting information Figures S1 and Bthe case of transfer
to THF two different structures (1- and 2-polyetdnyl-THF, see supporting information Figure S2)
were identified.

Molecular weights were lower in THF than in tolueAs expected molecular weights increased with
ethylene concentration: from 950 g/mol to 4300 d/mith toluene and from 440 g/mol to 2400 g/mol
with THF. At pressure below 100 bar, melting poiatel molecular weights dropped (runs 3, 8-10) and
oligomers were produced.

The number of chains per initiator was about 10esinhigher in THF than in toluene. Molecular
weights in THF were about 0.6 times lower thanoluéne. Assuming AIBN dissociation being similar

in both solvents, the rate of polymerization in TH&s 6 times higher than in toluene.

To examine the variation of kinetic constants, Keetic law of the free radical polymerization

(equation 1) was checked for both toluene and Télreats. We plotted In(1/(1-x)) versus time (Figure

2oy el o

With: x ethylene conversion, [I] AIBN concentratioh efficiency factor of the initiator, k kinetic

2).

constants of initiator dissociation (kd), propagat{kp) and termination (kt).
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Figure 2: Influence of time on radical polymeripatiof ethylene
m : 50 mg AIBN, 50 mL toluene at 70°C under 100 dlaethylene pressure

: 50 mg AIBN, 50 mL THF at 70°C under 100 bar tfydene pressure

A linear relation with a good correlation was olveer for polymerization in THF and toluene. The
slope ko for THF was 6 times higher than the toluene orfeer8 hours under 100 bar of ethylene, 7.8
g of polyethylene were produced with THF as sol(8326 of conversion) and only 1.3 g with toluene
(5.5% of conversion). A factor 6 was observed geeeted.

For each solvent, there was neither significanhgbkan the melting point nor in the molecular weigh

during the polymerization (see supporting inforroati able S2).

Various concentrations of initiator were evaluatdl100 bar of ethylene pressure and 70°C (see
supporting information Figure S3, Table S3). Wettglth In (1/(1-x)) versus [f>. Equation 1 was once
again confirmed. As expected molecular weight desed according to the concentration of initiator,
due to an increase of the termination rate. Melfoints remained unchanged between 115°C and

117°C.



To further investigate the THF effect, polymeripas of ethylene under 100 bar at 70°C were

performed with different mixtures of THF and toleess solvent (Figure 3).
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Figure 3: Impact of solvent composition on radallymerization of ethylene
m : 50 mg AIBN, 50 mL solvent, 4 h at 70°C unde® iar of ethylene pressure
: Mn (g/mol) determined using High Temperature SEC

Yield increased not linearly with the solvent comspion. The observed activation was not
proportional to the THF amount in the solvent migtuBelow 40% of THF the yield remained even and
drastically increased over 40% of THF only. Molesuleights decreased with the addition of THF (see

supporting information Table S4) due to transfer it-.

How to explain this unexpected effect of solvent?

The THF activation can be explained by a changpabimerization rate. To go further we aim to
calculate the global activation energy and glolalgxponential factor. For this purpose we perfarme
polymerizations at several temperatures (50°C, 7€ 90°C) and ethylene pressures (from 50 bar up
to 250 bar) in both solvents. One can remark thiaylene conversion seemed not to be linked to
ethylene pressure (see supporting information t&ble At 90°C ethylene conversion reached 40% after

4 hours of polymerization.



From these experiments we plottagl kersus 1/T to determine Arrhenius parameters.&Sponding

Ewt and In(Aq) are summarized in Table 1.

Table 1: Arrhenius parameters of ethylene polynagion (assuming the validity of Arrhenius law)

Eit - Global activation In(Ator) — Global
Solvent ;
energy (kJ/mol) preexponential factor
Toluene 27.7 7.6
THF 32.8 10.3

Ideally, the determination of the Arrhenius paranetfor each polymerization step should be
performed, but this kind of study is currently ingoatible with our conditions of pressure (since

stopped flow or pulsed laser polymerizations teghes cannot be used).

1 1
Etot :Ep_EEt-'-EEd (2a)

o 12Tke[l] _ [{_Etot)
t_kp - otIE e
Ko K A [BX7 — A=A 2f§j| (2b)

The global activation energy (Equation 2a) andpfeeexponential factor (Equation 2b) are lower in
toluene than in THF. Lower global activation eneigysually linked to a more favourable reaction. |
both solvents the polymerization mechanism wasidensd to be the same, so the change in the global
activation energy was only due to the relative iitation of intermediate and activated states,cluhi
differ from one solvent to the oth&rSolubilization by toluene provides a lower enebgyrier than in
THF.

Despite lower global activation energy, toluene weass efficient than THF. The global pre-
exponential factor is higher for THF, which expkirin the range of temperature used, the better
efficiency of radical ethylene polymerization in FHThe global pre-exponential factor is proportiona
to the frequency of efficient shocks. With a highme-exponential factor the probability of the

mechanism involved is supposed to increase. Diffare in geometry of activated states in toluene and
7



in THF could explain the difference of pre-expomafactors. Toluene is less electron donor tharfrTH
more toluene molecules may therefore be necessastabilize the radical corresponding to a denser

solvatation shell. This could explain a higher prgonential factor in THF than in toluene

In summary, this work showed that radical ethylgodymerization can be effective under mild
conditions (50°C<T<90°C and P>10 bar in THF) comtrédo what used to be assumed. The
polymerization was 6 times more productive in THE&r in toluene: conversions of ethylene up to 40%
were obtained. Due to transfer to solvent, 1- poBrethylenyl-THF were synthesized. Calculations of
Arrhenius parameters have been done to understhifd attivation. THF efficiency is not due to a
lower global activation energy but to a higher prgonential factor corresponding to a higher effiti
shock frequency. Further investigations with oteelvents of various polarities are under progress i
order to discriminate the solvent effect and taeéase polyethylene molecular weights by reducireg th

transfer capacity of solvent.
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Free ethylene radical polymerization under milddibons: the impact of the solvent
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Experimental section

All chemicals were purified using standard Schlgmicedures and handled under
argon atmosphere. Anhydrous solvents were usetiarrdactions. Solvents were distilled
from drying agents or degassed under argon. Eteyeas purchased from Air Liquide and

AIBN from Acros.
Characterizations

Molecular weights of polyethylenes were determitgdsize exclusion chromatography
(SEC) using a Waters Alliance GPCV 2000 instruméulumns: PLgel Olexis); two
detectors (viscosimeter and refractometer) in koidbenzene (flow rate: 1 mbL/min) at
150°C. The system was calibrated with polystyretamdards using universal calibration.
Differential scanning calorimetry (DSC) was perfesnon a Mettler Toledo DSC1 at a
heating rate of 5 K/min. Two successive heating @mling of the samples were performed.
We have considered data (Tm values, crystalliroty)ained during the second heats. High-
resolution liquid NMR spectroscopy was carried with a Bruker DRX 400 or DRX 300
spectrometers operating at 400 MHz or 300 MHZ'ftrSpectra were obtained with a 5-mm
QNP probe. PE samples were examined as 10-15 %g@&mlufions using a mixture of
tetrachloroethylene (TCE) and perdeuterobenzen®gJC(2/1 v/v) as solvent at 363 K.

Chemical shift valuess{ are given in ppm in reference to internal tetrdnylsilane (TMS).



Sandard polymerization

Caution, all polymerizations involve high pressure and explosive gaz.

Ethylene polymerizations were done in a 160mL #&aB steel autoclave (equipped with
safety valves, stirrer, oven) from Parr Instrum@at . The azobisisobutyronitrile (AIBN) was
dissolved in 50 mL of solvent in a Schlenk tube emdrgon. The mixture was introduced
through cannula into the reactor. Ethylene wathiced and the mixture was heated at the
desired temperature under stirring (300 rpm). Toage safely polymerization over 50 bar of
ethylene we use a 1.5 L intermediate tank. The taak cold down to -20°C to liquefy
ethylene at 35 bar. When thermodynamic equilibriuas reached, the intermediate tank was
isolated and heated to reach 300bar. This tankused to charge the reactor. After 4 hours
the reactor was slowly cooled down and degassed. gdlymer was then dried under

vacuum.
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Figure S3: Influence of initiator concentrationrawlical polymerization of ethylene

W : 50 mL toluene, 4 h at 70°C under 100 bar of etlg/lgressure



Table S1 : Influence of ethylene pressure

RuUnN Solvent Pr(izsr;ne Y(igl)d pl\(/l)ier::[[i r&gg) Crys(t;)l;inity (gl;/l nr:Ol) PDI

1 Toluene 10 0 - - - -

2 Toluene 25 0 - - - -

3 Toluene 50 0.25 105.9 49 950 1.74

4 Toluene 100 0.65 115.9 63 2340 1.92

5 Toluene 150 0.8 118.3 56 2900 1.86

6 Toluene 200 1.0 118.4 58 2990 1.90

7 Toluene 250 1.3 118.7 66 4320 1.75

8 THF 10 0.2 - - 440 1.27

9 THF 25 1.3 79.0 9 640 1.30
10 THF 50 2.7 99.0 40 600 1.62
11 THF 100 3.9 115.2 58 1190 1.86
12 THF 150 5.5 1155 57 1100 2.05
13 THF 200 6.5 1155 67 1720 1.83
14 THF 250 7.8 115.6 72 2410 1.99

Reactions were carried at 70°C under ethylene presturing 4h with 50 mg AIBN in 50
mL of solvent



Table S2 : Influence of polymerization time

Run Solvent  Time (h) Y(igl)d p'\(")ier:??(?g) Crys(t;)l ;inity (g?ﬂrr?ol) PDI
15 Toluene 0.5 0 - - - -
16 Toluene 1 0.3 117.7 63 3410 1.98
17 Toluene 2 0.45 118 62 2470 2.11
18 (4) Toluene 4 0.65 115.9 63 2340 1.92
19 Toluene 8 1.25 1154 58 1740 2.50
20 THF 0.5 0.4 113.3 55 nd nd
21 THF 1 0.9 114 63 nd nd
22 THF 2 2.9 113.9 67 nd nd
23 (11) THF 4 3.9 115.2 58 1190 1.86
24 THF 8 7.8 109.9 a7 nd nd

Reactions were carried at 70°C under 100 bar ofletle with 50mg AIBN in 50 mL of

solvent



Table S3 : Influence of the concentration of atr on radical polymerization of ethylene

Run  AIBN (mg) Yield (g) p'\(")ﬁ:???é) Crystallinity (%) Mn (g/mol)  PDI
25 4 0 : : : :
26 10 0.3 116.5 53 2870 1.82
27 20 0.4 115.9 58 2720 219
28 (4) 51 0.65 115.9 63 2340 1.92
29 70 1.3 116.3 62 2120 2.08
30 224 15 114.8 48 1900 1.71
31 512 2 116.1 64 1630 2.46

Reactions were carried at 70°C under 100 bar ofletle during 4 hours in 50 mL of
toluene



Table S4 : Solvent composition impact on radicdymerization of ethylene

Yield Meltings Crystallinity Mn
Run Solvent ) point (°C) (%) (g/mol) PDI
32 (4) 100% Toluene 0.65 115.9 63 2340 1.92
90% Toluene/
33 0.75 116.4 63 1840 1.78
10% THF
70% Toluene/
34 0.8 116.1 67 1260 2.03
30% THF
50% Toluene/
35 50% THE 1.1 114.7 62 1190 2.09
30% Toluene/
36 70% THE 1.8 114.9 61 1170 2.07
10% Toluene/
37 90% THE 3.1 114.8 60 1190 1.91
38 (11) 100% THF 3.9 115.2 58 1190 1.86

Reactions were carried at 70°C under 100 bar giextle during 4 hours with 50 mg AIBN
in 50 mL of solvent



Table S5 : Temperature impact on radical polynagion of ethylene

un - sovere RIS e (XSO0 MetngRpont (O
39 Toluene 50 50 0.05 [0.5%] -

40 (3) Toluene 70 50 0.25 [2.7%] 105.9 [49%]
41  Toluene 90 50 0.4 [4.8%] 99.2 [36%]
42 Toluene 50 100 0.15 [0.4%)] 117.5 [76%)]

43 (4) Toluene 70 100 0.65 [2.6%)] 115.9 [63%]
44  Toluene 90 100 1.3 [6.5%)] 112.2 [38%]
45 Toluene 50 150 0.15 [0.4%)] -

46 (5) Toluene 70 150 0.8 [2%] 118.3 [56%]
47  Toluene 90 150 1.7 [5.2%) 114.8 [65%]
48  Toluene 50 200 0.2 [0.4%] 118.1 [59%]

49 (6) Toluene 70 200 1 [2.1%] 118.4 [58%]
50  Toluene 90 200 2 [4.8%) 115.7 [60%]
51 Toluene 50 250 0.25 [0.4%)] -

52 (7) Toluene 70 250 1.3 [2.5%)] 118.7 [66%]
53 Toluene 90 250 2.5 [5.3%] 117.8 [71%)]
54 THF 50 50 0.4 [3.7%] 106.4 [52%)]

55 (10)  THF 70 50 2.9 [31.2%] 99 [40%)]
56 THF 90 50 4.1 [49.4%] 56.2 [-]

57 THF 50 100 0.6 [1.8%)] 116.4 [68%]

58 (11) THF 70 100 3.9 [15.7%)] 115.2 [58%)]
59 THF 90 100 9 [44.7%) 108.2 [49%]
60 THF 50 150 0.8 [1.7%] 117.7 [68%]



61(12) THF 70 150 5.9 [15%] 115.5 [57%]

62 THF 90 150 11 [33.6%] 108.9 [57%)]
63 THF 50 200 1[1.9%] 117.8 [71%)]
64 (13) THF 70 200 6.5 [13.8%] 115.5 [67%]
65 THF 90 200 14.5 [35%] 106.8 [50%)]
66 THF 50 250 1.2 [2.1%] 118.8 [78%]
67 (14) THF 70 250 7.8 [14.9%)] 115.6 [72%]
68 THF 90 250 17 [35.9%)] 105.2 [51%]

Reactions were carried under ethylene pressuragldrihours with 50mg AIBN in 50 mL
of solvent



