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Synthesis of butadiene/isoprene—styrene di-block
copolymer with high cis-1,4 unit content based on
a heodymium phosphate estert

{ ") Check for updates ‘

Cite this: RSC Adv., 2021, 11, 37436

Jie Liu, @22 Nan Zheng,1*? Xin Min, 2*® Junhai Liu,® Zhizhou Li® and Xiaohui Ji®

A novel two-step synthesis strategy based on a liquid neodymium phosphate ester (Nd(Psg7)3) catalyst was
used to synthesize diene-styrene di-block copolymers with high cis-1,4 unit content, such as butadiene—
styrene (PB-b-PS), isoprene—styrene (Pl-b-PS), and so on. The strategy not only makes full use of the high
cis-1,4 stereo-selectivity of the rare earth catalyst to conjugated dienes, but also adjusts the electron cloud
density of the catalytic active center by introducing triphenyl phosphine (PPhs). Thus, the catalytic activity of
the neodymium-based catalyst center toward styrene has been largely improved, and a series of PB/PI-b-
PSs with high cis-1,4 unit content (98.3 and 98.1% respectively), narrow molecular weight distribution and
controllable block ratio were successfully synthesized. Herein, molecular weight (M,,), molecular weight
distribution (M,,/M,) and microstructure of the block polymers were characterized using SEC-MALLS, FT-
IR, *H NMR, C NMR and DSC. The DSC curve of a PB-b-PS with 98.3% cis-14 unit and 18.6%
polystyrene content shows a Ty of —103.1 °C, which means it has relatively excellent mechanical
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1. Introduction

Butadiene/isoprene-styrene block copolymers (PB/PI-b-PS) are
one of the most important thermoplastic elastomer varieties,
and have excellent mechanical and thermal properties, due to
their unique macromolecular structure with both hard and soft
segments."° It is reported in the literature that by increasing the
cis-1,4 unit content in PB or PI segments, the homopolymer or
copolymer's low temperature resistance and mechanical prop-
erties such as the tensile strength and elongation ratios
significantly improved.”® At present, the industrial synthesis of
PB/PI-b-PS mainly uses alkyllithium-based anionic polymeriza-
tion methods, resulting in a precisely controlled molecular
weight and a narrow molecular weight distribution. However,
the product's stereo-structure still could not be sufficiently
controlled by these alkyllithium-based catalytic system and the
cis-1,4 structure content of the butadiene and isoprene
segments in the copolymer were lower than 50% and 90%>'
respectively. Furthermore, many kinds of synthesis strategies,
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prospects in harsh low temperature environments.

such as ring-opening polymerization of ectopic (ROMP)" and
reversible addition-fragmentation chain transfer polymeriza-
tion (RAFT)," are also used to prepared the block copolymer PB/
PI-b-PS. However, the stereo-structure of PB in the result poly-
mers still could not be effectively controlled. As a result, it
obviously limits the application of such polymers in certain
specific fields such as low temperature environment.

A large number of literature reports indicate that the coor-
dination polymerization method can effectively control the
stereo-structure of conjugated diene, especially the rare earth
catalytic system, has extremely high catalytic activity and stereo-
selectivity to butadiene and isoprene.**™* Unfortunately, due to
the electron-withdrawing effect of the benzene ring in styrene,
the electron cloud density of the C=C in styrene is significantly
different from that of butadiene and isoprene. As a result, the
coordination catalytic system that can effectively catalyze the
polymerization of butadiene or isoprene monomer is not
necessarily suitable for the polymerization of styrene.'**®
Therefore, it is very difficult to synthesize butadiene-styrene or
isoprene-styrene block copolymer with high cis-1,4 structure
content via a single catalytic system. Recently, numerous
studies have focused on the synthesis of butadiene/isoprene-
styrene di-block and tri-block copolymers using coordination
polymerization systems. For instance, Shen et al.'®* reported
that the catalytic system NdCI;*HMPA/AI(i-Bu); has high
activity for styrene, and the copolymer with isoprene possessing
high 1,4-unit content (>90%) was synthesized. Ban et al.*® have
reported that styrene-butadiene tri-block copolymers (SBS) with

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra06923c&domain=pdf&date_stamp=2021-11-19
http://orcid.org/0000-0001-8499-1531
http://orcid.org/0000-0002-6701-4656
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06923c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011059

Open Access Article. Published on 19 November 2021. Downloaded on 1/17/2026 12:09:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

N —
/ > A z
N NlBuys. cHO, W
PB

cis-1,4>98%

cis-1,4>98%

Scheme 1 Synthesis route of PB-b-PS via catalyst system Nd(Psq;)3/
Al(i-Bu)z/CHCls/PPhs.

70% cis-1,4 unit content could be synthesized successfully using
metallocene-titanium/methylaluminoxane (MAO), but this
metallocene catalytic system has very low catalytic activity
toward butadiene monomer. Cui et al.>'® synthesized PS-b-cis-
PB (cis-1,4 >97%) and PS-b-cis-PI (cis-1,4 >80%) respectively via
a  linked-half-sandwich  lutetium-bis(allyl)/[Ph;C][B(CeFs)4]
catalyst system, but its industrial application will be greatly
restricted by the expensive raw material of main catalyst and co-
catalyst.

In this article, a series of PB/PI-b-PSs di-block copolymer with
high cis-1,4 unit content were synthesized by a novel synthetic
strategy based on a phosphate ester neodymium (Nd(Ps;)3).
Firstly, the polymerization of butadiene (Bd) or isoprene (Ip)
initiated by a ternary homogeneous catalytic system consisting
of Nd(Ps¢7); (Nd), Al(i-Bu); (Al) and CHCl; (Cl). After that, tri-
phenyl phosphine (PPh;) was used to adjust the electron density
of the catalytic active center, and enhance the coordination
ability between active center and styrene. Lastly, styrene
monomer was added to obtain the PB/PI-b-PS with high cis-1,4
unit content via this novel Nd-based catalytic system (Nd(Psg;)s/
Al(i-Bu)3/CHCl3/PPh;). Taking PB-b-PS as an example, the
synthesis process of block copolymer with high cis-1,4 unit
content are illustrated in Scheme 1.

2. Experimental
2.1 Materials

Isoprene (Ip, 99%) and styrene (St, 99%) were purchased from
Macklin China, and diluted to 2 M in cyclohexane after vacuum
distillation with CaH,. 1,3-Butadiene (Bd, 1.9 M in hexane) was
obtained from Energy China and used as received. Neodymium
2-ethylhexyl =~ hydrogen-2-ethylhexylphosphonate  solution
(Nd(Psg7)s, 0.04 M in n-hexane) was provided by Foshan Shunde
Change Material Co., Ltd. Diisobutylaluminum hydride (Al(i-
Bu);, 1 M in n-hexane), triphenyl phosphine (PPh;, 97%) and
2,6-di-tert-butyl-p-cresol (Antiager 264, 97%) were purchased
from Macklin China and used as received. Cyclohexane was

Table 1 Synthesis of PB-b-PS via Nd(Psg7)3/Al(i-Bu)s/CHClz/PPhs*
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distilled with CaH, and stored on 4 A molecular sieves for one
week before used. Chloroform (99%), n-hexane (98%), ethanol
(99.5%) and butanone (99%) were used without further
purification.

2.2 Synthesis procedure for PB-b-PS and PI-b-PS

All synthesis operations were performed in a dry argon atmo-
sphere. A detailed polymerization procedure (as shown in Table
1) is described as a typical example. Specifically, Nd(Ps;)s
solution (Nd, 0.01 mmol, 0.04 M in cyclohexane), butadiene (Bd,
0.2 mmol, 2 M in n-hexane), Al(i-Bu); (Al, 0.2 mmol, 1 M in n-
hexane) were injected into a Schlenk tube with a rubber septum
sequentially by a syringe. The above mixture was aged at 50 °C
with continuous stirring. After 15 min, CHCI; (Cl, 0.03 mmol)
was injected and aged for another 15 min, and a yellow trans-
parent catalyst solution was obtained.

Then, the butadiene solution (10 mmol, 1.9 M in hexane,
[Bd]/[Nd] = 1000) were injected into the Schlenk tube with the
preformed catalyst solution using a syringe. The polymerization
was carried out at 50 °C for 3 h. Then, triphenyl phosphine
(PPhs, 0.01 mmol, [PPh;]/[Nd] = 1) was added, and 15 min later,
styrene solution (St, 2.5 mmol, 2 M in cyclohexane, [St]/[Nd] =
250) was added. This polymerization was carried out at 50 °C for
5 h under stirring, and then quenched by ethanol containing
antiager 264 (1 wt%) as a stabilizer. The result product was
precipitated in ethanol and washed with ethanol repeatedly,
then extracted with butanone and n-hexane three times each.
Finally, the product was dried under vacuum at 40 °C until
a constant weight of a white solid was obtained. The experi-
mental procedure for the synthesis of PI-5-PS is the same as that
described for PB-b-PS.

2.3 Characterization

"H NMR and “C NMR were recorded with Bruker 400 MHz
using CDCl; as the solvent. The ratio of 1,4- and 1,2-unit content
of PB, and ratio of cis-1,4 and 3,4-unit content of PI were
determined by '"H NMR, and the ratio of cis-1,4 and trans-1,4
unit content of PB was determined by >*C NMR.>*** In addition,
the actual ratio of the PS and PB/PI segments in the copolymer
was also estimated by "H NMR, according to a previously pub-
lished method.?**® FT-IR spectra were measured using a Bruker
Nicolet iS10 spectrophotometer. The number-average molec-
ular weights (M,,) and dispersity (M,/M,) of the polymers were
measured by a DAWN EOS size exclusion chromatography/
multi-angle light scatter instrument (SEC-MALLS, Wyatt

Entry Monomer Conv.” (%) St cont.® (%) M,*10" (g mol ™) M, /M,? cis-1,4° (%) trans-1,4° (%) 1,2 (%)
1 Bd 98.2 — 5.6 1.21 98.3 0.7 1.0
2 St 81.5 18.6 7.8 1.39 98.3 0.7 1.0

“ 1, 2 correspond to the first, second polymerization steps. First step, [Nd] = 0.01 mmol, catalyst ratio: [Nd]/[Bd]/[AL]/[C]] =1 : 20 : 20 : 3, [BA]/[Nd] =
1000, second step, [PPh;]/[Nd] = 1, [St]/[Ndl = 250. ° Conversion of monomer in each polymerization steps. © Measured by "H NMR. ¢ Measured by

SEC-MALLS. ¢ Measured by "H NMR and "°C NMR.
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Table 2 The effect of [PPhs]/[Nd] in the synthesis of PB-b-PSs”
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Entry [PPh;]/[Nd] Conv.”? (%) St cont.” (%) M,7*10" (g mol™?) M, /M,? cis-1,4° (%)
1 0 3.9 1.8 5.6 1.25 98.3
2 0.5 46.7 10.5 6.5 1.41 98.2
3 1 81.5 18.6 7.8 1.39 98.3
4 1.5 59.6 13.9 6.9 1.45 98.3
5 2.0 15.3 3.7 5.8 1.28 98.2

“ First step, [Nd] = 0.01 mmol, [Nd]/[Bd]/[AI}/[CI] = 1 : 20 : 20 : 3, [Bd]/[Nd] = 1000. Second step, [St] = 5 mmol. > Conversion of monomer Bd in the
second step. ¢ Determined by the "TH NMR spectrum. ¢ Measured by SEC-MALLS. ° Determined by the "H NMR and '>C NMR spectrum.

Technology), the polymer samples were dissolved in HPLC
grade THF with the concentration of 10.0 mg ml ™, flow rate of

eluent was 0.5 ml min .

3. Results and discussion

3.1 Synthesis of cis-PB-b-PS via Nd(Ps,);/Al(i-Bu);/CHCl;/
PPh,

3.1.1 Synthesis and structure characterization of cis-PB-b-
PS. The ternary neodymium-based catalyst system Nd(Psq;)s/
Al(i-Bu)3/CHCl; exhibits extremely high catalytic activity and cis-
1,4 stereo-selectivity (cis-1,4 > 98%) for butadiene,””*® as shown
in Table 1. However, the catalyst system with a PB segment had
almost no catalytic activity towards styrene (as shown in entry 1,
Table 2), which makes it difficult to obtain a block copolymer
with a controlled content of styrene segment. After an equi-
molar amount of PPh; ([PPh;]/[Nd] = 1 : 1) was added to adjust
the electron density around of Nd atom in the catalyst before
the polymerization of the styrene, the catalytic activity of this
Nd-based catalytic system (Nd(Psq;)s/Al(i-Bu);/CHCl;/PPh; for
styrene has significantly improved, the conversion rate of
styrene monomer increases greatly correspondingly. Finally,
a series of PB-b-PS di-block copolymer with high cis-1,4 unit
content (=98.3%) was prepared successfully. In addition, the
PB-b-PS obtained has a narrow molecular weight distribution

1,4-PB

T T T T T

8 7 6 5 4 3 2 1
Chemical shift/ ppm

Fig.1 *H NMR spectra of the polymers in each polymerization steps of
PB-b-PS.
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(My/M,,). Because the liquid neodymium phosphate catalyst
used in this article has good solubility in the aliphatic solvent,
and the monomer could be polymerized in a completely
homogeneous state.*** Consequently, the homopolymer PB
and di-block PB-b-PS with narrower molecular weight distribu-
tion could be successfully achieved.

1% step
2" step PB
PB-b-PS ,
8 10 12 14 16 18 20 22
Time / min

Fig. 2 SEC curves of polymers in each polymerization steps of PB-b-
PS.
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Fig. 3 FT-IR spectra of PB-b-PS via Nd(Psqg7)s/Al(i-Bu)s/CHCl3/PPhs
catalytic system.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 C NMR spectra of PB-b-PS via Nd(Pso,)s/Al(i-Bu)s/CHCls/
PPhs catalytic system.

As shown in Fig. 1, the chemical shifts at 5.40 ppm and
5.05 ppm correspond to the 1,4- and 1,2-structures of the PB
segment, whereas the chemical shifts between 6.25 and
7.25 ppm correspond to phenyl group in the PS segment.**?*
The appearance of the phenyl peak of the products obtained in
the second steps indicates that the di-block copolymer PB-b-PS
was successfully synthesized. In addition, according to the
method introduced in the literature,**® the integral calculation
of the "H NMR peaks shows that the content of styrene in the
polymer is 18.6%.

The SEC curves of PB and PB-b-PS obtained from each
synthetic steps are shown in Fig. 2. When the styrene monomer
was added in the second polymerization step, the PB-b-PS curve
was shifted to a higher molecular weight region and maintained
monomodal shape. It was indicated that there was no homo-
polymer PB in the PB-b-PS copolymer samples, and a PB-b-PS di-
block polymer was successfully prepared.
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As shown in Fig. 3 and 4, the FT-IR and "*C NMR spectra of
the PB-b-PS (entry3, in Table 2) prepared using the Nd(Ps;)s/
Al(i-Bu);/CHCI;/PPh; catalytic system are presented respec-
tively. The FT-IR spectrum exhibited two obvious absorption
peaks at 695 cm ™ * and 1505 cm %, which correspond to the out-
of-plane deformation vibrations and skeleton stretching vibra-
tions of phenyl group in the PS segment of PB-b-PS. The peak at
750 cm ™', 967 cm ™ ' and 911 cm ™' represent of cis-1,4, trans-1,4
and 1,2-unit in the PB segment and the data revealed that the di-
block copolymer has very high cis-1,4 PB unit content (cis-1,4
>98%).2*?¢ In the Fig. 4, the chemical shifts at 27.5 ppm,
32.6 ppm, 34.2 ppm and 145.2 ppm represent the cis-1,4, trans-
1,4 and 1,2-PB segment and PS segment, respectively. Which
also indicated that the PB-b-PS polymer obtained containing
a relatively higher cis-1,4 unit content (>98%).

The DSC curve of sample PB-b-PS (entry 2, in Table 1) was
shown in Fig. 5. The PB-b-PS with high cis-1,4 unit content
(98.3%) showed a T, of —103.1 °C, which is very close to the Ty of
Nd-based cis-butadiene rubber,"” and was notably lower than
the T, of industrial SBS prepared by the initiation of the butyl-
lithium (approx. —80 °C). The data indicate that PB-b-PS
prepared via Nd(Pso);/Al(i-Bu);/CHClL;/PPh; catalytic system
could maintain a better flexibility at an extremely low

Ty (PB)=-103.1°C

/

Te (PS)= 100.8°C

Heat flow endo

T T T T T
-150  -100 -50 0 50 100 150

Temperature / °C

Fig. 5 DSC curve of PB-b-PS via Nd(Psg7)s/Al(i-Bu)s/CHCls/PPhs
catalytic system.
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Scheme 2 Synthesis mechanism of PB-b-PS via Nd(Psq7)3/Al(i-Bu)s/CHCls/PPhz catalytic system.
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Table 3 Effect of [Bdl/[Nd] and [Stl/[Nd] ratios in the synthesis of PB-b-
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PSs®

Entry [Bd]/[Nd] [St)/[Nd] Conv.? (%) St cont. (%) M,7*10" (g mol ™) M,/M,? cis-1,4° (%)
1 500 250 83.3 31.3 4.6 1.34 98.3
2 1000 250 81.5 18.6 7.8 1.39 98.3
3 1500 250 78.5 12.8 10.3 1.40 98.2
4 2000 250 72.9 10.6 12.9 1.38 98.3
5 500 125 84.1 19.1 4.1 1.32 98.2
6 2000 500 80.2 18.0 16.9 1.49 98.4

“ First step, [Nd] = 0.01 mmol, [Nd]/[Bd]/[AI]/[CI] = 1 : 20 : 20 : 3. Second step, [PPh;]/[Nd] = 1. ? Conversion of monomer styrene in the second step.
¢ Determined by the 'H NMR spectrum. ¢ Measured by SEC-MALLS. ¢ Determined by the '"H NMR and *C NMR spectrum.

temperature, which means a relatively excellent mechanical
properties at the lower temperature.*>?

The proposed mechanism of block polymerization of buta-
diene and styrene is shown in Scheme 2, according to literature
reports.®**¢ Firstly, butadiene was homopolymerized using
a ternary neodymium-based catalytic system (Nd(Psq;)s/Al(Z-
Bu);/CHCI,/PPh) via a coordination mechanism. The n*-r-allyl
Nd-based catalytic active center (as shown in Scheme 2) was
formed with good stability and solubility in aliphatic solvents,
which has relatively high catalytic activity and cis-1,4 stereo-
selectivity for butadiene or isoprene.'****® However, this
neodymium-based active center has almost no catalytic activity
for styrene, after initiating the polymerization of butadiene. In
order to realize the block copolymerization of styrene and
butadiene, a certain amount of triphenyl phosphine ([PPh;]/
[Nd] = 1 : 1) was added into the catalytic system, to adjust the
electron density around the Nd atom.>”**> Because the m-electron
of the electron donor PPh; could flow to the styrene monomer
through the metal atom, the coordination ability between
styrene and catalytic active center is greatly increased.'*® Then
the catalytic activity of the catalytic system towards styrene
showed a significant improvement, and the conversion of
styrene reached over than 80%, as shown in Table 2. Based on
this mechanism of adjusting the electron cloud density of the
around the rare earth atom in the catalytic active center, the
difficult of the large different catalytic activity of styrene and
butadiene via a single coordination catalyst system was over-
come, and a series of di-block copolymer PB-b-PS with a high cis-
1,4 unit content was synthesized successfully.

3.1.2 Effect of the ratio of [PPh;]/[Nd]. It can be seen from
Table 2, if PPh; is not added, the catalytic system after initiating
the homopolymerization of butadiene, has almost no catalytic
activity for styrene. As the amount of PPh; increases, the

conversion rate of styrene in the second polymerization stage
increases gradually. When the ratio of [PPhs]/[Nd] = 1, the
catalytic activity of the catalytic system towards styrene was the
highest, which allowed a conversion rate of styrene to reach
values higher than 80%. However, when the amount of PPh;
continues to increase, the catalytic activity of the system for
styrene appears to decrease. This may be because an excessive
amount of electron donors coordinated with Nd atoms, which
caused the positive charge of the metal atoms to decrease too
much, thereby losing the coordination ability to styrene.

3.1.3 Effect of the monomer feed ratio of [St]/[Bd]. Table 3
presented the macromolecular characteristics of a series of PB-
b-PSs obtained using Nd(Psg;)s/Al(i-Bu);/CHCl;/PPh; with

cis-1,4-PI
CDCl,
i 3.4-P1
/ o
: . B
e B
T T T T T T T T T T T T T
7 6 5 4 3 2 1
Chemicalshift / ppm

Fig. 6 H NMR spectra of Pl-b-PS via Nd(Pso;)s/Al(i-Bu)s/CHCls/PPhs
catalytic system.

Table 4 Synthesis of Pl-b-PS via Nd(Psq7)3/Al(i-Bu)s/CHCls/PPh3 catalytic system®

Entry Monomer Conv.? (%) St cont.¢ (%) M,*10" (g mol ™) M, /M, cis-1,4° (%) 3,4-° (%)
1 Ip 97.5 — 7.0 1.21 98.1 1.9
2 St 79.8 18.3 9.3 1.35 98.1 1.9

“ 1, 2 correspond to the first, second polymerization steps. First step, [Nd] = 0.01 mmol, catalyst ratio: [Nd]/[Ip]/[Al}/[C]] = 1 : 20 : 20 : 3, [Ip]/[Nd] =
1000, second step, [PPh;]/[Nd] = 1, [St}/[Nd] = 250. ° Conversion of monomer in each polymerization steps. © Measured by 'H NMR. ¢ Measured by

SEC-MALLS. ¢ Measured by "H NMR.
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Fig. 7 FT-IR spectra of PI-b-PS via Nd(Psq7)s/Al(i-Bu)s/CHCls/PPhs
catalytic system.

different styrene content and molecular weight, by changing the
molar feed ratio of butadiene verse styrene monomer. Obvi-
ously, by changing the feeding amount and feed ratio of the two
monomers, the molecular weight and styrene content of the
block copolymer can be effectively controlled, and its cis-1,4
structure content is always maintained at more than 98%.

3.2 Synthesis of cis-PI-b-PS via Nd(Ps5,,)s/Al(i-Bu);/CHCl;/
PPh,

3.2.1 Synthesis and structure characterization of cis-PI-b-
PS. The Nd(Ps,,)s/Al(i-Bu);/CHCl;/PPh; was applied in the
copolymerization of the isoprene and styrene. Under the same
synthetic strategy aforementioned as the cis-1,4-PB-b-PS, the di-
block copolymer PI-b-PS with a high cis-1,4 content (cis-1,4 =
98.1%) was also obtained. The specific data were shown in Table
4.

The "H NMR and FT-IR spectra of the PI-b-PS prepared via
two steps with Nd(Ps07)3/Al(i-Bu)s/CHCl;/PPh; catalytic systems
are presented in Fig. 6 and 7, respectively. In Fig. 6, the chemical
shifts at 5.20 ppm and 4.75 ppm correspond to the cis-1,4 and
3,4-structures of polyisoprene, the chemical shifts between 6.25
and 7.25 ppm represent the phenyl group in the PS segment.
These data confirmed that PI-b-PS had been successfully
synthesized via the Nd(Ps07)3/Al(i-Bu)s/CHCl;/PPh; catalytic
systems. In addition, as per previous reports,**° the integration
of these chemical shifts indicate that the polyisoprene contains
a higher amount of cis-1,4 units. As shown in Fig. 7, the FT-IR
spectrum exhibited two distinct absorption bands at 698 cm™*
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corresponding to the out-of-plane deformation vibrations of
phenyl group in the PS segment of PB-b-PS the PI-b-PS, and the
results from FT-IR spectra show a strong absorption peak at
1370 cm ™, but the absorption peaks at 888 cm™ " (3,4-units) are
very weak, demonstrate that the PI-b-PS was predominantly
contained cis-1,4 units.?**’

3.2.2 Effect of the monomer feed ratio of [St]/[Ip]. As shown
in Table 5, a series of PI-b-PSs with different styrene content and
molecular weight, were also obtained base on the Nd(Pso7)s/Al(i-
Bu);/CHCI;/PPh; by changing the changing the monomer feed
amount and ratio. The molecular weight and styrene content of
the block copolymer can also be effectively controlled, and cis-
1,4 unit content of the obtained PI-b-PS are always maintained
at more than 98%.

4. Conclusion

In this study, a novel two-step synthesis strategy based on
a liquid phosphate ester neodymium (Nd(Pso;);) catalyst was
used to synthesize conjugated diene with high cis-1,4 unit
content, such as butadiene-styrene (PB-b-PS), isoprene-styrene
(PI-b-PS) di-block copolymer, and so on. Firstly, the polymeri-
zation of butadiene (Bd) or isoprene (Ip) was initiated by
a ternary catalytic system consisting of liquid Nd(Ps,;); (Nd),
Al(i-Bu); (Al) and CHCI; (Cl). Then, styrene (St) monomer was
added after the electron density of the active center adjusting by
triphenyl phosphine (PPh;). Finally, a series of PB/PI-b-PSs with
high cis-1,4 unit content (98.3% and 98.1% respectively), narrow
molecular weight distribution and controllable block ratio were
successfully synthesized. The DSC curve of a PB-b-PS with 98.3%
cis-1,4 unit and 18.6% polystyrene content shows a T, of
—103.1 °C, which means it has a relatively excellent mechanical
properties at the lower temperature. The result shows these PB/
PI-b-PSs materials have good application prospects in harsh low
temperature environment.
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Table 5 Effect of [Ip]/[Nd] and [Stl/[Nd] ratios in the synthesis of Pl-b-PS*

Entry [1P]/[Nd] [St)/[Nd] Conv.” (%) St cont.® (%) M,7*10* (g mol ™) M, /M,? cis-1,4° (%)
1 500 250 80.6 29.3 5.6 1.38 98.1
2 1000 250 79.8 18.3 9.3 1.35 98.1
3 1500 250 76.6 11.2 12.8 1.46 98.2
4 2000 500 74.5 16.9 17.9 1.63 98.2
5 3000 750 60.2 14.5 25.6 2.28 98.2

“ First step, [Nd] = 0.01 mmol, [Nd]/[Ip]/[Al]/[CI] = 1 : 20 : 20 : 3. Second step, [PPh,]/[Nd] = 1. Conversion of monomer styrene in the second step.
¢ Determined by the 'H NMR spectrum. ¢ Measured by SEC-MALLS. ¢ Determined by the '"H NMR spectrum.
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