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Abstract: The tridentate PNP ligand-supported rare-earth metal complexes, i.e., bis[o-diphenylphosph
inophenyl]amido-Re-bis[o-dimethylaminobenzyl], [(PhyP-0-CsHy4),N]JRe[(CH;-0-Me;N(CeHy))ol:
(Re =Y, 1; Nd, 2; Gd, 3) were applied to isoprene polymerization. When activated with borate
activator ([PhMe;NH][B(C¢Fs)4] (NH-BARF), catalysts 1 and 3 exhibited excellent catalytic efficiency
in aromatic media, produced very-high to ultrahigh molecular weight (Mw over 130 x 10* g/molL)
polyisoprene rubber (PIR), and the obtained PIR contained over 98% cis-1,4 head-to-tail repeating
unites. In most cases, the borate-activated polymerization reaction proceeded in a quasi-living pattern
(PDI = 1.2-1.5) under controlled monomer conversion; whereas, activated with the commercially
available modified methylaluminoxane (MMAQOB3A) in aliphatic hydrocarbon media, complexes
1, 2 and 3 all showed high catalytic efficiency, produced high molecular weight PIR with narrow
molecular weight distribution (PDI < 2.0) and high cis-1,4 head-to tail repeating unites in the range
of 91-95%. Thus, the catalyst systems that consisted of 1, 2 and 3/MMAOQOB3A, are closely relevant to
the current industrial polybutadiene rubber (PBR) and PIR production processes.

Keywords: polyisoprene; rare-earth metal; polymerization; catalyst; elastomer; natural rubber

1. Introduction

Synthetic polyisoprene rubber (sPIR) was first prepared in 1879 by the polymerization
of isoprene monomer derived from the destruction of natural rubber (NR), and the com-
mercial products of sPIR were produced nearly 90 years later through the utilization of the
Ziegler-type catalyst [1]. Nowadays, sPIR is one of the indispensable high-performance elas-
tic materials used in various industrial applications, and the tire industry alone consumes
around 60% sPIR.

The high stereoregularity and high molecular weight of natural rubber (NR) molecules
endow the vulcanized NR material unique physical properties, such as low thermoge-
nesis, low rolling resistance, high tear and abrasion resistance, etc. Therefore, the sPIR
industry practiced various ways to mimic the NR molecular microstructure and proper-
ties [2-7]; the long-term unremitting efforts reward the rubber industry with significant
physical property improvement on sPIR materials. However, in order to regulate the sPIR
structure and properties matching the NR, precise control of isoprene monomer stereoreg-
ularity and connectivity in the polymer chain remain great challenges to academic and
industrial researchers.

In an sPIR macromolecule, isoprene monomer can adapt several stereoregularity and
connectivity modes, for example the cis-1,4 and trans-1,4 connectivity appeared in two types
of natural rubbers referred to as ctNR (Hevea brasilienses) and tNR (balata, from bully tree
or Manilkara bidentata), while the sPIR made from different catalytic systems may produce
several types of sPIR microstructures[8-11], such as highly cis-1,4 PIR (cPIR) and highly
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trans-1,4 PIR (tPIR) with head-to-head and tail-to-tail connection, or special regioselective
macromolecules with 3,4-connectivity mode to give isotactic-3,4 (iP134), syndiotactic-3,4
(sPI34) and atactic-3,4 (aP134) macromolecules, which appear as crystalline or amorphous
depending on the stereoregularity level of the macromolecules. Although 1,2-connectivity
is a mode that has appeared in some isoprene macromolecules, polymers with predominant
1,2-connectivity are rare.

sPIR are used in tires, footwear, hoses, belts, foamed products and medical accessories
(including medial gloves, balloons). Medical applications are experiencing a fast increase
in demand [12,13]. Thus, through sPIR microstructural control to replicate cNR’s molecular
and physical characteristics is the apex, and empirically, both the catalyst structure and
the polymerization process modifications are the most efficient approaches. The discovery
of rare-earth metals as high-performance catalysts for the polymerization of conjugated
dienes has significantly advanced the sPIR microstructure control toward the ultimate
goals [13-19].

In this work, the tridentate PNP molecule, bis(o-diphenylphosphinophenyl)amine
[0-PhyP(C¢Hy4),NH], coordinated rare-earth metal (Y, Nd, Gd) complexes, bis[o-diphenylp
hosphinophenyl]amido-Re-bis[o-dimethylaminobenzyl], [(PhyP-0-C¢Hy4),N]Re[(CH;-o0-
MerN(CgHy)),l: (Re =Y, 1; Nd, 2; Gd, 3), combined with either borate activator [(PhMe, NH)
B(CgF5)4] (NH-BARF) in aromatic media, or mixed with commercial MMAQ3A in aliphatic
hydrocarbons, are utilized to isoprene homopolymerization. The 1-NH-BARF and
3-NH-BAREF catalytic systems exhibit excellent catalytic efficiency and stereoselectivity in
toluene and produce very-high to ultrahigh molecular weight (Mw > 130 x 10* g/moL)
sPIR, containing over 98% cis-1,4 head-to-tail repeating isoprene units, while 2-NH-BARF
showed marginal activity towards isoprene polymerization. Moreover, under controlled
monomer conversion, the borate-activated polymerization reaction proceeded in a quasi-
living pattern (PDI = 1.2-1.5). When complexes activated with MMAQOB3A in aliphatic
hydrocarbon, 1-3/MMAGQO3A catalyst systems showed high catalytic efficiency, produced
high molecular weight PIR with narrow molecular weight distribution (PDI < 2.0) and
high cis-1,4 head-to tail repeating isoprene unites in the range of 91-95%. Thus, the catalyst
systems that consisted of 1, 2 and 3/MMAQ3A are highly relevant to the current industrial
cis-polybutadiene rubber (cPBR) and cPIR production processes.

In comparison to the currently adapted Nd/aliphatic acid /AlR3 multi-component
catalytic system, the 1-3/NH-MMAQOQ3A catalytic systems generate high molecular weight
cPIR and especially high productivity, certainly encouraging the rubber industry to further
create diverse production processes for advance sPIR materials.

Thus, this study provided a paradigm of an aliphatic hydrocarbon soluble cationic
rare-earth metal catalyst system, for the synthetic rubber industry to develop a ‘drop-in’
high performance catalyst system using the current facility and processes, ultimately for
the production of new sPIR and/or sPBR products.

2. Results
2.1. Preparation of the Tridentate PNP-Ligated Rare-Earth Metal Complexes

The neutral tridentate ligand [0-Ph,P(C¢H4),NH] (PNP ligand) and the PNP co-
ordinated rare-earth metal complexes bis[o-diphenylphosphinophenyl]amido-Re-bis[o-
dimethylaminobenzyl], [(PhyP-0-CsH4)>N]Re[(CHy-0-MeaN(CHy))ol: (Re =Y, 1; Nd, 2;
Gd, 3), were prepared according to modified literature methods (Scheme 1) [20].
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Scheme 1. Synthesis of the neutral rare-earth metal complexes bearing one tridentate bis[o-
diphenylphosphinophenyl]lamido (PNP) and two o-dimethylaminobenzyl (o-Me,N-Bz) ligands.

In a modified synthetic procedure, the deprotonation of the bis(2-Flourophenyl)amine
with organolithium or alkaline metal hydride prior to adding the freshly prepared KPPh,
can substantially increase the yield of the tridentate PNP ligand, and overall yields of
86% for complexes 1-3 can be achieved. In this work, tris(o-dimethylaminobenzyl)rare-
earth metal intermediate [Me,;N-0-(CsHy)CH,-]3Re (Re = Y, Nd, Gd) were used, and the
resulting complexes 1-3 contained no additional nuclear-phallic solvent molecules in
their coordination sphere [20]. The composition and structure of 1 was confirmed by the
'H and 3'P NMR spectroscopy method. The composition and molecular parameters of
paramagnetic analogs 2 and 3 were identified with elemental analysis and high-resolution
mass spectroscopy (HR-MS). The 'H and 3'P NMR spectrum of the Yttrium complex
1 are presented in Figure 1. The analytical data for complexes 2 and 3 are summarized in
Section 4.
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Figure 1. 'H and 3'P NMR spectra of complex 1. (a) Proton NMR spectrum of complex 1; (b) 3P NMR
spectrum of complex 1.

2.2. Polymerization of Isoprene with Borate [INH-BARF] Activator in Toluene

Currently, the familiar Ziegler-type rare-earth metal catalyst system, i.e., the slurry
catalyst precursor derived from neodymium/alkylaluminum halide, is usually used for
the production of cis-1,4 sPIR (cis-1,4 content around 96-99%) with relatively narrow
molecular weight distribution (PDI~3-5). Owing to the Nd system’s low efficiency, the long
and sophisticate raw product deashing process is inevitable, and the catalyst aging-time
affects causes unsustainable product quality control. Thus, the multiple undesirable factors
certainly elevate the production cost [21]. On the other hand, frequently reported single-site
rare-earth metal catalyst systems [16-19,22-28] usually exhibit high catalyst efficiency and
high stereoselectivity, thus, encouraging the rubber industry to explore the opportunity of
using these systems in the current sPIR processes.

A similar catalyst system consists of tridentate PNP-ligated rare-earth metal bis(trimeth
ylsilylmethyl) complexes and NH-BAREF activator, catalyzed isoprene in a living polymer-
ization pattern (PDI ca. 1.1), with very high stereoselectivity (cis-1,4 content ca. 99%) and
head-to-tail connectivity. [18] However, to ensure that the NH-BARF activator is soluble,
the polymerization reaction is conducted in halogenated aromatic solvent, which is not
adopted in rubber industries for economic and environmental reasons.

In our approach, the commonly used solvents toluene and hexane were tested. The
polymerization results of 1-3/NH-BARF catalyst systems in toluene are summarized in Table 1.
Several factors affecting the sPIR molecular weight and microstructures, and some interesting
outcomes can be concluded (vide infra). Complex 2, that was activated with NH-BARF, showed,
essentially, inactivity towards isoprene polymerization, and all three complexes activated
with NH-BARF were silent in hexane toward isoprene polymerization—an obvious reason of
insoluble cationic catalysts species in the media.
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Table 1. Polymerization of isoprene (IP) with 1, 2, 3 and NH-BAREF catalyst systems.
\/K 1-3INH—$AIRF/AIR3 . M/n\@\i/fm
oluene
n>>m
; a Microstructure

Run Cat. (nIl’itn) (Ié) Con‘:/’oersmn (kl\g/grvw” PDI? cis-1,4% 3,4% Te*
1 1 5 20 93.6 777 1.54 (98.69) 1.31
2 2 780 20 trace — — — — —
3 3 5 20 100 369 1.28 (98.58) 1.42 —
4 3 30 0 78 282 1.27 98.63 (98.63) 1.37
5 3 60 0 88 480 1.24 98.45 (98.63) 1.55 —72
6 3 60 0 92 440 1.32 98.44 (98.58) 1.56 —
7 3 90 0 99 376 1.39 98.51 (98.55) 1.49 —
8 3 120 0 100 387 1.29 98.78 (98.53) 122 —
9 3 2 20 52 368 1.30 98.66 (98.50) 1.34 —
10 3 2 40 92 468 1.27 98.44 (98.52) 1.56 —
11 3 60 99.5 452 1.43 98.30 (98.47) 1.70 —
12 3 2 80 100 476 1.32 98.60 (98.42) 1.40 —
13 34 30 20 100 718 1.68 (98.64) 1.36 —
14 3¢ 30 20 100 836 1.57 (98.54) 1.46 —
15 3f 30 20 100 886 1.58 (98.65) 1.35 —
16 38 30 20 90.2 1356 2.07 (98.67) 1.33 —
17 3 8 20 99 357 1.34 (98.56) 1.44
18 3 10 20 100 348 1.18 98.66 (98.50) 1.34 -70
19 3 30 20 100 625 2.29 (98.64) 1.36

Polymerization conditions: IP 1.0 M toluene solution 10 mL (10 mM), AlBu'; 50 uM, Re 5.0 uM, NH-BARF
5.0 uM (B/Re = 1.0), IP/Re = 2000 (except runs 13-16, see legend below).  Determined by gel permeation
chromatography (GPC) against polystyrene standards. ? Determined by 'H and >C NMR spectra (numbers
in parentheses determined by FT-IR). ¢ Measured by differential scanning calorimetry (DSC). ¢ IP/3 = 3000;
¢ IP/3 = 4000;/ IP/3 = 5000; & IP/3 = 10,000.

The microstructure of the PIR prepared from 1- and 3-NH-BARF consisted predomi-
nantly of the cis-1,4 head-to-tail repeating units (>98%) with occasional 3,4-inchainment,
and no trans-1,4 unit existed. The cis-1,4 unit contents of PIR can be determined either
by FT-IR or *C NMR spectroscopy [8-11], and both methods give highly comparable
results, with negligible error of approximately 0.1-0.2% between the two (Table 1, data in
parentheses are measured by FT-IR). Scheme 2 illustrates the carbon atoms numbering of
isoprene monomer and the isomeric PIR macromolecule. Two representative '*C NMR
spectra of PIR samples are presented in Figure 2 with their chemical shifts. The cis-1,4,
trans-1,4 and 3,4- isomeric units in the PIR macromolecule chains can be calculated accord-
ing to Formulas (1)—(3), in which I3 46 is the integration of the cis-1,4-isoprene unit methyl
carbon signal cC5 at 23.46 ppm, I;g44 is the integration of the 3,4-isoprene unit methyl
carbon 34C5 signal at 18.64 ppm, while I;59g is the integration of the trans-1,4-isoprene unit
methyl carbon ¢C5 signal at 15.98 ppm. Thus, For the PIR obtained from 1- and 3-NH-BARF
in toluene, the molar percentage of the cis-1,4 and 3,4- isomeric unit is calculated using
Formulas (1) and (3), respectively.

Mol% cis-1,4-1P% = [123.46/(123.2 + 118.64 + 115.98)] x 100% (1)
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Mol% trans-1,4-1P% = [115.98/(123.46 + l1g64 + 115.98)] x 100%
Mol% 3,4-IP% = [l1g.64/(I23.46 + l18.64 + I15.98)] X 100%
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Scheme 2. Carbon atoms numbering in IP monomer and in different PIR macromolecular chains:
(a) in IP monomer; (b) in cis-1,4 polymer [cPIR]; (c) in trans-1,4 polymer [tPIR]; (d) in 1,2-isotactic
polymers [iPI12]; (e) in 3,4-isotactic polymers [iP134]; (f) in 1,2-syndiotactic polymers [sPI12]; (g) in

3,4-syndiotactic polymers [sP134].
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Figure 2. Representative 13C NMR spectra of PIR samples from toluene and hexane: (a) 1*C NMR
spectrum of PIR sample from toluene; (b) 13C NMR spectrum of PIR sample from hexane.

Polymerization temperature influenced sPIR molecular weight (Table 1, runs 3, 9-12)
in a predictable way. PIR molecular weight increased near a linear manner with increasing
Tp under incomplete monomer conversion, consistent with the quasi-living polymerization
pattern (Figure 3a). At higher temperature conditions (40 °C and above), the PIR molecular
weight reached maxima, due to an exhausted monomer. The molecular weight distribution
was only marginally increased at higher temperatures.

Under the same reaction temperature and reaction time (20 °C, 30 min), gradually
increasing the isoprene to catalyst ratio from 2000 to 10,000, the PIR molecular weight
increased in a linear fashion, and the PIR microstructures were kept constant (Figure 3b,
runs 13-16, 19)—evidence that has, again, pointed to the quasi-living polymerization mode.
The relatively wide PIR molecular distributions from runs 16 and 19 (DPI 2.07 and 2.29,
respectively) are most likely due to overrun the reaction after full monomer consumption,
probably allowing the catalyst to rearrange the macromolecules in prolonged reaction times
(vide infra). While for run 16, the high viscosity of high molecular weight PIR (Mw over
1300 kg/moL) caused reduced monomer diffusion to the catalyst center and the depleting
monomer concentration in the late reaction stage, resulting in the reasons that widen the
molecular distribution.

Catalyst efficiency was obviously dependent on the reaction time. The 1- and
3-NH-BAREF catalytic systems showed rapid initiation and high catalytic efficiency above
ambient temperature (turnover number, TON, about 920 IP/min at 40 °C, and TON above
1000 PI/min at 60 °C) with an effective catalyst of around 37% [18]. Figure 3c (runs 9, 3,
17-19) shows the reaction time dependence of PIR molecular weight and cis-1,4 content.
Under the same reaction conditions (Tp = 20 °C and IP/3 = 2000), polymerization runs 3
and 17-19 all overran the reaction under constant temperature, and the PIR microstructure
experienced negligible influence by the reaction time (cis-1,4 content differences less than
0.1%); thus, extending the reaction time after monomer full consumption does not change
the microstructure of PIR molecules, but surely alters the molecular weight in some degree
and broadens the molecular weight distribution (vide supra).
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Figure 3. Polymerization temperature, IP/Re ratio and reaction time influence; (a) reaction tempera-
ture to Mw and DPI influence; (b) IP/3 ratio to Mw and stereoselectivity influence; (c) reaction time
to Mw and stereoselectivity influence.

2.3. Polymerization of Isoprene with MMAQS3A Activator in Hexane and Toluene

Aliphatic hydrocarbons are used in synthetic rubber (EPM/EPDM, PBR, SSBR, SBS,
SEBS, etc.) production processes, and the catalysts or initiators involved in the produc-
tion are either Ziegler, cationic or anionic type. The single site organometallic catalyst
systems have the advantage of high activity, narrow molecular distribution, and easy
microstructural manipulation. Owing to the cationic nature of most activated single-site
organometallic catalysts, solubility is one of the obstacles to practical applications. The
discovery of MAO is a great breakthrough for the application of organometallic catalysts
in polyolefin industries [29-31], including MAO and the modified analogs applied to the
synthetic rubber preparation [32,33].

Complexes 1-3, when combined with modified MAO—the commercially available
MMAQO3A—forms a soluble catalytic system that can initiate isoprene polymerization with
a short induction time of approximately 5-10 min at low temperatures, while reaching
to full monomer conversion in a few minutes at 80 °C (Table 2). Regarding factors of
polymerization temperature, the reaction times suggested several points that are under-
stood (vide infra). The 1-3-MMAQOB3A systems initiated polymerization in toluene with a
shorter induction time of 2-3 min, but resulted in explicitly lower molecular weight sPIR
(runs 11-14). The 3-MMAOBA catalytic system, in the absence of AliBus (impurity scav-
enger), resulted in significantly higher molecular weight PIR (Mw 1163 kg/moL) with low
monomer conversion (62%) within one hour, and broader molecular weight distribution
(PDI 2.04, Table 2 run 4 vide infra).

Different from the NH-BAREF activator, the catalyst 1-3-MMAOB3A systems generated
PIR macromolecular chains that contained high cis-1,4 isomeric units (91 to 95%) and
non-ignorable amounts of trans-1,4 and 3,4- isomeric units (Table 2). The microstructure
determined by '3C NMR and FT-IR then had explicit differences, and the FT-IR method
gave higher 1,4-isomeric unit contents.
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Table 2. Polymerization of isoprene (IP) with complexes 1-3 and MMAQO3A catalyst systems.

x/& 1-- 3IMMAO3A

Hexane

b

: Mw 4 Microstructure

Run — Cat (rrl:itn) (Eé) Con:/,oersmn (kg/mor) ~ FDI” cis-1,4% trans-1,4% 3,4-cont.%
1 1 5 80 96 270 1.69 91.83 (97.60) 4.66 3.51
2 2 5 80 100 259 1.81 92.05 (97.39) 4.54 3.41
3 3 5 80 100 377 1.56 95.04 (97.73) 2.32 2.65
4 3 60 20 62 11634 2.04 95.12 (97.84) 2.04 2.84
5 3 60 20 85 598 1.58 94.74 (97.79) 2.37 2.89
6 3 20 40 99.7 354 1.66 93.73 (97.51) 3.14 3.14
7 3 30 40 100 401 2.12 94.44 (97.64) 2.78 2.78
8 3 10 80 100 428 2.10 94.81 (97.69) 2.57 2.63
9 3 120 0 100 240 1.78 94.15 (97.53) 2.96 2.89
10 3 180 0 100 313 1.75 93.99 (97.44) 3.04 297

11°¢ 3 60 0 93.2 225 1.77 (98.20)

12°¢ 3 30 20 100 264 1.62 (98.13)

13¢ 3 30 40 100 181 1.92 (98.12)

14¢ 3 30 60 100 206 1.80 (98.10)

Polymerization conditions: IP 1.0 M hexane solution 10 mL (10 mM), Al'Bug, 50 uM, Re 5.0 uM, MMAO3A 10 mM,
IP/Re = 2000, Al/Re = 2050. “ Determined by gel permeation chromatography (GPC) against polystyrene standards.
b Determined by "H NMR spectrum and'*C NMR spectrum, (number in parentheses determined by FT-IR). ¢ Poly-
merization reaction carried out in toluene. 4 Polymerization without addition of AliBus (Al/Re = 2030) scavenger.

In the FT-IR spectrum of PIR, 838 cm~! was the cis-1,4 characteristic absorption
band, the characteristic absorption band of 3,4-isomeric unit appeared at 890 cm !, and
the absorption band of trans-1,4 unit appeared at 842 cm~!. The deformation vibration
absorption band of CHj is at 1357 cm ™!, and the bending vibration absorption band of
the CH, was at 1454 cm~!. The stretching vibration absorption band of C=C appeared at
1654 cm ™! (see Supplementary Materials S1). Therefore, in FT-IR spectra, the low content
trans-1,4 absorption band at 842 cm~! was usually merged into the tail of the strong cis-1,4
absorption band at 838 cm~!. Thus, the FT-IR method calculated the total 1,4 units against
the 3,4 units using Formulas (4) and (5), in which Agsg is the absorption band height of
838 cm ! (+842 cm™1), and Aggg is the band height of 3,4-isomeric unit at 890 em ™1 [8-11].

1,4- isomeric units% = Agsg/(Agsg + Aggy) X 100% 4)

3,4- isomeric units% = Aggo/(Ag:},g + Aggo) x 100% (5)

In contrast, 13C NMR spectra (Figure 2) clearly differentiates the cis-1,4 units methyl
group (cC5, 23.42 ppm) with trans-1,4 unit methyl group (#C5, 15.98 ppm) and the 3,4 unit
methyl group (34C5, 18.64 ppm) chemical shifts. Comparing the sum of cis-1,4 and trans-1,4
units from 13C NMR integration with the FT-IR measured 1,4- isomeric unit content, the
differences are in the range of +0.3% to +1.1%. Therefore, for the highly cis-1,4 and the
predominantly trans-1,4 PIR macromolecular materials, FT-IR is a reliable method for the
fast determination of the PIR microstructures [8,11].

For the complexes 1-, 2- and 3-MMAQO3A catalytic systems in hexane, 3-MMAQO3A
showed better performance than the other two and gave PIR material with higher Mw and
narrower DPI, but with lower reactivity. This is different from the NH-BARF-activated sys-
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tems, in which complex 1 gave the highest molecular weight (777 kg/mol. vs. 369 kg/mol.)
PIR with broader DPI (1.54 vs. 1.28. Table 1, run 1 vs. 3).

Temperature affected the 1-, 2- and 3-MMAQO3A catalytic systems in a different way
(Figure 4). Polymerization at 20 °C gave the highest molecular weight PIR in both hexane
and toluene, and the molecular weight attenuated with rising temperature to a minimum
at around 40. The PIR molecular weight slightly increased (377 kg/moL vs. 428 kg/moL),
accompanied with broadening DPI (1.56 vs. 2.10. Table 2. Run 3 vs. 8) after the IP monomer
full conversion. A similar trend was found in the 3-NH-BARF-activated system (vide supra).

(b)

Figure 4. Influences of polymerization temperature on the molecular weight, molecular weight
distribution and cis-1,4 content. (a) Temperature effect on Mw and cis-1,4 content for materials
from 3-MMAOBA in hexane; (b) temperature effect on Mw and DPI for materials from 3-MMAO3A
in toluene.

Interestingly, in the absence of the scavenger (Al'Bus), the polymerization reaction
proceeded in a much slower speed due to a low level of effective catalyst (around 24%
Table 2 run 3), whereas the effective catalyst was 36% (Table 2 run 4) in a similar reaction
condition (20 °C, 60 min, IP/3 =2000) in the existence of scavenger. Thus, the scavenger
Al'Bus was also serving as chain-transfer agent. Trialkylaluminum is widely used as an im-
purity scraper in the polyolefin industry [34], and it is also observed that trialkylaluminum
bearing different alkyl substituent (for example Methyl, Ethyl, iso-Butyl, etc.) can switch
the stereoselective pathway from the highly cis-1,4 PIR to the predominantly isofactic-3,4
microstructure resin in rare-earth metal catalyzed IP polymerization [35].

3. Discussion

The low catalyst effectivity in both activator-generated systems is most likely attributed
to the low solubility of the cationic species in non-polar solvents (comparison of dielectric
constant: toluene, 2.38; hexane, 2.05; chlorobenzene, 5.70) [36]. Complexes activated with
NH-BAREF in hexane appeared inactive, and the dielectric constant difference between the
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two is not very large compared to the high polar solvent (such as chlorobenzene) used by
the majority of researchers in cationic catalytic polymerization systems.

The phenomenon of increasing molecular weight accompanied with broadening
molecular weight distributions after the IP monomer was exhausted in both activator
system-initiated polymerization, is a familiar side reaction of catalytic redistributions, in
which the rare-earth metal complexes can facilitate small molecules (for instance CO,) that
are disproportionate [37], and a titanocene complex catalyzes small molecules of siloxane
redistribution to form polysiloxanes [38].

The scavenger in the quasi-living polymerization system (Table 1) is most likely also
playing a role of chain transfer [34], which leads to the reaction depart from the living
pathway. It is expectable that well-balanced scavenging and chain-transferring actions in
the polymerization [39] will offer better catalytic systems with higher catalytic efficiency
and stereoselective capacity, which is a practical and worthful subject to be tackled.

4. Materials and Methods

All synthetic procedures for the preparation of organorare-earth metal complexes and
the experiments for polymerization of isoprene were carried out under standard Schlenk
technique conditions. The vacuum-oven-dried Schlenk-type glassware was interfaced with
a vacuum (107> Torr) line; the vacuum /N refilling circle with high purity N (O, and H,O
impurities level lower than 1.0 ppm) was repeated for three times prior to carrying out the
synthetic/polymerization procedures, or the reactions were conducted in a high purity
argon atmosphere double length glovebox (Vigor), in which the oxygen and moisture were
kept below 0.1 ppm level.

Isoprene was purchased from Sinopharm Chemicals, and diluted with Toluene/hexane
to a 1.0 M solution, adding triisobutylaluminum (TIBAL) 100 ppm (weight %) to react
with the inhibitor, stored in a —20 °C refrigerator inside the glovebox for at least 48 h prior
to use.

n-Butyllithium (1.0 M solution in n-hexane) was purchased from Sigma-Aldrich com-
pany and used as received. Chemicals and organic reagents for the synthesis of the triden-
tate PNP ligand were purchased from Sinopharm Chemicals, and were used as received.
Bis-(0-dipheylphosphinophenyl)amine, [(C¢Hs),P-0-(C¢Ha)]2INH, was synthesized follow-
ing the literature procedures [20]. Organic reagents and solvents were used as received
in ordinary organic syntheses. The solvents used for preparing organorare-earth metal
complexes were purified by passing through a serial column packed with molecular sieves
(4A) and R3-11 catalyst (BASF), which kept the O, and moisture level lower than 1.0 ppm.

[PhMe,NH][B(C¢Fs)4] (99%) was purchased from Apalene Technology (Suzhou, China)
and used as received. Anhydrous rare-earth metal trichlorides were purchased from Sigma-
Aldrich, and were used as received.

Nuclear magnetic resonance (NMR) spectra for 'H, 13C and 3!P were recorded on
a Bruker Avance 400 Ultrasheild™ spectrometer (Bruker), and the chemical shifts were
referenced with the deuterated solvent proton residual resonances, or the internal standard
tetramethyl silane (TMS) signal. The deuterated NMR solvents were rigorously deoxy-
genated and demoisturized when used for organorare-earth metal complex measurements.

Gel permeation chromatography (GPC) spectra were recorded on an Agilent 1260
Infinity II chromatogrameter, equipped with refractive index (RI), low angle laser light
scattering (LALLS) and viscometry (VS) detectors. The columns were calibrated with
polystyrene standards by use of the universal calibration methods [40-42]. All PIR samples
were thoroughly dried in a vacuum oven under dynamic vacuum (ca. 50~100 Torr, 40 °C)
to constant weight. The dried PIR samples (~10 Mg) were weighed out and dissolved
in THF, and the solutions were passed through a 5 uM microfilter to remove insoluble
species. GPC measurements were operated at 40 °C with THF eluent and an elution rate of
1.0 mL/min, and recorded with RI, LALLS and VS detectors.

Fourier transform infrared (FI-IR) spectra were recorded on a PerkinElmer Frontier
(Perkin Elmer) Fourier transform infrared spectrometer. The PBR samples were prepared
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using dried PBR row material and hot pressed into thin film, recorded with the transmission
mode, scanning window 4000~400 cm~ 1 and at least 36 cumulative scans. The spectra were
stored in wave number (cm~!) and/or wave length (1) modes in a designated computer
under specified file names for easy retrieving.

The glass-transition temperatures (Tg) of PIR samples were recorded on a NATZSCH
DSC 3500 Sirius differential Scanning Calorimeter. The PIR sample was cooled down to
—140 °C with a cooling rate of 10 °C/min, held for 5 min, and was then heated at rate of
5 °C/min to 40 °C. The midpoint of the glass transition temperature range was taken as
the PIR’s Tg.

The high-resolution mass spectroscopy (HR-MS) analysis was performed on a High-
Resolution Orbitrap GC Mass Spectrometer (Q Exactive plus mass spectrometer. Thermo-
Fisher Scientific, Germany) equipped with an electrospray ionization (ESI) source, and the
air and moisture sensitive samples were handled following the literature methods [43,44].

Elemental analysis was performed on a UNICUBE elemental analyzer (Elementar,
Langenselbold, Germany). Sample preparation, handling and injection, and other exper-
imental conditions for C, H, N for the paramagnetic organometallic complexes analyses
were adopted from operation manual of the equipment.

4.1. Synthesis of Complexes 1, 2 and 3

The tridentate PNP ligand-supported rare-earth metal complexes, [(0-PhyP-CcHy),N]
Re[(CH;-0-MeaN(CgHy))ol: (Re =Y, 1; Nd, 2; Gd, 3) were prepared following a modified
literature procedure (Scheme 1) [20].

Complex 1 [(0-PhyP-CHy)oNJY[(CH;-0-Mey;N(CgHy))o ] preparation procedure: The
PNP ligand [0-PhyP(C¢H4),NH] (1.667 g, 3.10 mM), the tribenzyl complex Y(CH;-CsHy-o0-
NMej,)s (1.475 g, 3.0 mM) and toluene 15 mL, in order, were added to a flame and vacuum
dried flask containing a magnetic stirring bar. The mixture was stirred at an ambient
temperature for 24 h. Toluene was evaporated under reduced pressure; the residual solid
was taken up and washed with small portions of cold n-hexane (3 times); the residual
yellow solid was dried under vacuum to a constant weight (2.31 g, Yield 86.2%).

The 'H and 3'P NMR spectra of complex 1 are presented in Figure 1. 'H NMR
(500 MHz, C¢Dg) 6 = 7.30 (m, 8H, Ar), 7.01 (m, 2H, Ar), 6.87 (m, 12H, Ar), 6.85 (m, 4H, Ar),
6.73 (d, 2H, Ar), 6.68 (m, 4H, Ar), 6.66 (m, 2H, Ar), 6.53 (t, 2H, Ar), 2.47 (s, 12H, 4CH3), 1.99
(s, 4H, 2CHy).

Complex 2 [(0-PhyP-C¢Hy4)oNINA[(CH;-0-Me;N(CgHy))2] preparation follows the
procedures as in complex 1: The PNP ligand [0-Phy,P(CsH4),NH] (1.70 g, 3.16 mM), the
tribenzyl complex Nd(CH,-CgHy-0-NMey)3 (1.69 g, 3.1 mM) and toluene 15 mL, in order,
were added to a flame and vacuum dried flask containing a magnetic stirring bar. The
mixture was stirred at an ambient temperature for 24 h. Toluene was evaporated under a
reduced pressure; the residual solid was taken up and washed with small portions of cold
n-hexane (3 times), the residual yellow solid was dried under vacuum to a constant weight
(2.49 g, Yield 84.5%).

Complex 2 was analyzed with HR-MS (calculated molecular mass: 949.2165; measured
molecular mass: 949.3028); and elemental analysis: (calculated elemental composition:
C, 68.33%; H, 5.52%; P, 6.53%; N, 4.43%. Measured elemental composition: C, 68.12%;
H, 5.38%; N, 4.26%).

Complex 3 [(0-PhyP-C¢Hy)>N]GA[(CH;-0-MeyN(CgHy))z] preparation follows the pro-
cedures as in complex 2: The PNP ligand [0-PhyP(C¢H4)oNH] (1.73 g, 3.21 mM), the
tribenzyl complex Gd(CHy-CgHy-0-NMey)s (1.68 g, 3.0 mM) and toluene 15 mL, in order,
were added to a flame and vacuum dried flask containing a magnetic stirring bar. The
mixture was stirred at an ambient temperature for 24 h. Toluene was evaporated under a
reduced pressure; the residual solid was taken up and washed with small portions of cold
n-hexane (3 times), the residual yellow solid was dried under vacuum to a constant weight
(2.47 g, Yield 85.6%).
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Complex 3 was analyzed with HR-MS (calculated molecular mass: 962.2245; measured
molecular mass: 962.3131); and elemental analysis: (calculated elemental composition:
C, 67.41%; H, 5.45%; N, 4.37%; P, 6.44%. Measured elemental composition: C, 67.14%;
H, 5.22%; N, 4.17%).

4.2. Polymerizations in Toluene

A typical polymerization reaction in toluene was carried out in a glovebox under high
purity argon atmosphere according to the following procedure.

Isoprene in toluene (1.0 M solution, 10 mL, 10.0 mM), AliBujz (0.5 M solution in
toluene, 0.5 mL, 0.25 mM, Al/Re = 50), catalyst 3 (4.8 mg, 5.0 uM), [PhMe;NH][B(CgF5)4]
(NH-BAREF, 4.00 mg, 5.0 uM. B/Re = 1.0), in order, were added to a Schlenk flask containing
a magnetic stirring bar. The flask was merged in an oil bath at a designated temperature,
and the mixture was stirred with a constant torque magnetic stirrer for an assigned time.
The reaction was terminated by adding 0.5 mL of 2,6-di(tert-butyl)-4-methylphenol solution
(0.1 M in toluene).

The flask was taken out of a glovebox, and the PIR was precipitated with ethanol,
washed with deionized water (3 times), and then ethanol (2 times). The row material was
placed in a sample vial, dried in a vacuum oven under dynamic vacuum (50-100 torr, 40 °C)
until a constant weight.

The polymerization reaction was repeated for at least two times to confirm the poly-
merization data accuracy.

In polymerization with higher IP/Re ratio (Table 1, runs 13-16), the same quantities of
scavenger, catalyst 3, activator were used, and a calculated amount of isoprene monomer
solution was placed in the flask in the same order; the polymerization reactions were
carried out at assigned conditions, and repeating experiments were performed accordingly.

4.3. Polymerizations in Hexane

A typical polymerization reaction in hexane was carried out in a glovebox under high
purity argon atmosphere according to the following procedure.

Isoprene in hexane (1.0 M solution, 10 mL, 10.0 mM), AliBu3 (0.5 M solution in hexane,
0.5 mL, 0.25 mM, Al/Re = 50), catalyst 3 (4.8 mg, 5.00 pM), MMAO3A (0.60 g, 10 mM,
Al/Re = 2000), in order, were added to a Schlenk flask containing a magnetic stirring bar.
The flask was merged in an oil bath at a designated temperature, and the mixture was
stirred with a constant torque magnetic stirrer for an assigned time. The reaction was
terminated by adding 1.0 mL of 2,6-di(tert-butyl)-4-methylphenol (0.5 M in toluene) and
stirred for two minutes.

The flask was taken out of a glovebox, and the PIR was precipitated with ethanol
(bubbles quickly evolving from the viscous solution when first few drops of ethanol added),
washed with deionized water (3 times), and then ethanol (2 times). The row material was
placed in a sample vial, dried in a vacuum oven under dynamic vacuum (50-100 torr, 40 °C)
until a constant weight.

The polymerization reaction was repeated for at least two times to confirm the poly-
merization results’ accuracy.

Supplementary Materials: The following supporting information can be downloaded at:https:
/ /www.mdpi.com/article/10.3390/catal12101131/s1, S1: Representative FT-IR spectra for sPIR
samples from complexes 1-, 3-NH-BAREF catalyst system polymerization runs 4-19 in Table 1; S2:
Representative C-13 NMR spectra for sPIR samples from complexes 1-, 3-NH-BARF catalyst system,
polymerization runs 4-19 in Table 1; S3: Representative GPC plots for sPIR samples from complexes
1-, 3-NH-BAREF catalyst system, polymerization runs 4-19 in Table 1; S4: Representative DSC dia-
grams for sPIR samples from complexes 1-, 3-NH-BARF catalyst system, polymerization runs 5 and
18 in Table 1; S5: Representative C-13 NMR spectra for sPIR samples from complexes 1-3-MMAO3A
catalyst system, polymerization runs in Table 2; S6: Representative GPC plots for sPIR samples from
complexes 1-3-MMAQO3A catalyst system, polymerization runs in Table 2.
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