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Synthesis of Bottle Brush Polymers by Stereospecific Ring Opening
Metathesis Polymerization using (Arylimido)vanadium-Alkylidene Catalysts

(CIPN=Z

1. Introduction

Living
(ROMP) has been known as an effective method for
synthesis of advanced functional polymers.! The
“grafting through” method by adopting the ROMP of
norbornene macromonomers is one of the best

ring-opening metathesis polymerization

approaches for synthesis of molecular brushes.

However, there are several challenges such as
difficulty in control of cis-/trans-olefinic double bonds,
incomplete monomer conversion, and the catalyst
decomposition (due to inferior thermal stability).
(Arylimido)vanadium—alkylidene catalysts® display
their promising potentials in the ROMP of cyclic
olefins, including
ROMPs.2ac¢
enable stereospecific (Z-/E-selective) synthesis of

bottlebrush ROMP polymers (Scheme 1).

SR = 0T

the cis-specific (Z selective)

We herein present that these catalysts

I‘V N
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Scheme 1

2. Experimental

All experiments were carried out under a nitrogen
atmosphere in a drybox. Molecular weights and
of the
polymers were analyzed by GPC, whereas the

molecular weight distributions resultant

microstructures were analyzed by NMR spectra.

3. Results and discussion

Although there have been no reports for ROMPs of
norbornenes containing imide functionalities by group
5 catalysts, ROMPs of exo-N-tetradecyl-norbornene-
2,3-dicarboximide (TNDI) using vanadium catalysts
(1-3) enabled stereoselective synthesis of bottlebrush
polymers with high catalytic activities (Table 1). Note
that poly(TNDI)s containing 97-99 % cis olefinic
double bonds have been attained by the fluorinated

OSirilak Mekcham, and Kotohiro Nomura

alkoxide analogues, V(CHSiMes)(NAr)[OC(CF3)3]-
(PMe3), [Ar = 2,6-Cl,C¢H3 (1), C¢Fs (2)], whereas
synthesis of trans-rich polymers (trans 91 %) was
demonstrated by the perchloro-phenoxide analogues,
V(CHSiMe3)(N-2,6-F,C¢H3)(OCsCls)(PMes): (3).

Importantly, the highly cis-specific (Z selective)
living ROMPs by 1
and 80 °C (Table 1); the catalyst provides an efficient
thermally robust method for stereospecific synthesis of
bottlebrush ROMP polymers for the first time.

By adopting the living ROMP technique, the
successful  synthesis of  bottlebrush  block
copolymers, [poly(TNDI)y-bl-(ONDI)y], has been
demonstrated with high cis-stereospecificity (97-
98 % cis) by using complex 1; complex 3 afforded
highly trans-specific (90 %) block copolymers.

could be achieved even at 50 °C

Details will be introduced in the symposium.

Table 1. ROMPs of TNDI by vanadium catalysts.?
cat. PMe; temp. time TON?  M,* M/ cis?
/eq. /°C /min x10*  M,° %

1¢ - 25 5 220 12.3 1.41 >99

2¢ - 25 240 822 1.17 97
3 - 25 489 21.7 145 9
1 - 50 473 21.3 231 98

15 20 50 93.3 11.8  1.25 >99
15 20 50 127 19.0 1.26
1¢ 20 50 10 231 29.5 1.38 >99
12 20 50 15 329 358 145
30 80 1 298 209 133 97
30 80 3 436 31.1 1.73 97

5
1
3
1= 20 50 1 27.7 5.06 1.15
3
5

“Conditions: V 2.0 pmol, TNDI 1.0 mmol, benzene 2.0 mL.
»TON = TNDI reacted (mmol)/V (mmol). ‘GPC data in THF vs
PS stds. “Estimated by 'H NMR spectra. ¢V 4.0 pmol, benzene
1.0 mL. /benzene 1.0 mL. 8V 4.0 umol, benzene 4.0 mL.

(1) Y. Chen, M. M. Abdellatif, K. Nomura, Tetrahedron (report) 2018,
74, 619.

(2) a) X. Hou, K. Nomura, J. Am. Chem. Soc. 2015, 137, 4662. b)
X. Hou, K. Nomura, J. Am. Chem. Soc. 2015, 138, 11840. c¢) K.
Nomura, X. Hou, Organometallics 2017, 36, 4103. d) S.
Chaimongkolkunasin, K. Nomura, Organometallics 2018, 37,
2064. ¢) K. Nomura, S. Chaimongkolkunasin, Catal. Sci. Technol.
2020, 10, 5840.
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Stereospecific ring opening metathesis polymerization of cyclic olefins

by (arylimido)vanadium alkylidene catalysts containing NHC ligands

(BRSLARBEEE)

1. Introduction

(Arylimido)vanadium(V) alkylidene complexes
containing anionic donor ligands are to exhibit from
moderate to high catalytics activities in the ring
opening metathesis polymerization (ROMP) of cyclic
olefins;'3 Z-specific ROMP was also demonstrated by
the ligand modification.> N-heterocyclic carbene
(NHC) ligands are known to stabilize high oxidation
state organometallic complexes with early transition
metals, as recently demonstrated by molybdenum- and
tungesten-alkylidenes.*

Herein, we report on the synthesis of (arylimido)-
vanadium(V) alkylidene NHC complexes containing
fluorinated/chlorinated phenoxy ligand that exhibit
high activity in the ROMP of norbornene (NBE) to

afford cis-, syndiotactic polymers (Scheme 1).

5=
Q@

Pl \CHSlMe3
\ \’ CHZS|Me3

V cat _
benzene "
25°C poly(NBE)

o
& b ji;(

X=F(2),

cis,syndiotactic

Scheme 1

2. Experimental

All experiments were conducted under nitrogen
atmosphere in the drybox. Molecular weights and
distributions of the resultant
analyzed by GPC, and the
microstructure was analyzed by NMR spectra.

molecular weight

polymers were

3. Results and discussion
The
complex (1) were prepared from the trialkyl analogues,

(arylimido)vanadium(V)-alkyl, alkylidene

Olirapa Suthala, Yuta Kawamoto, and Kotohiro Nomura*

V(NAr)(CH,SiMe3)s, via addition of the corresponding
NHC, and the phenoxy alkylidene complexes,
V(CHSiMe3)(N-2,6-ClL.CsH3)(OCsXs5)(NHC) [X = F
(2), Cl (3)], were prepared from the corresponding
dialkyl complexes by treating with the NHC through a-
hydrogen elimination. These catalysts were identified
by NMR spectra and elemental analysis.

The result in ROMP of NBE using complexes 1- 3
are summarized in Table 1. Complexes 2 and 3
exhibited cis-specific (Z selective, 98 % by 3) ROMP
of norbornene at 25 °C with turnover frequencies
(TOFs) of 750,000 hl,

possessed syndiotactic stereoregularity (estimated by

and the resultant polymer

'"H NMR spectra after partial bromination).

In this symposium, we wish to report the details
including factors affecting the cis-syndiospecific
ROMPs of NBE and the other monomers.

Table 1. ROMP of NBE by using 1-3.¢

cat. additive® time vyield TOF® Mn® M/ cis®
(umol) Imin /% /ht x10% M /%
1(5.0) CeFsOH 3 >99 8500 30.5 2.75 90
1(5.0) CeClIsOH 20 >99 1270 27.1 251 93
2 (0.5) - 1 >99 254000 27.3 2.16 93
2(0.3) - 1 97 412000 47.2 2.26 93
2(0.1) - 1 59 750000 77.8 2.65 94
3(0.5) - 1 92 235000 18.4 1.82 96
3(0.3) - 1 81 344000 50.1 1.91 97
3(0.1) - 1 42 530000 56.6 2.16 98
“Conditions: NBE 200 mg (2.12 mmol), benzene 4.8 mL

(initial NBE conc. 0.44 M). ?1.0 equiv of C¢XsOH was
premixed in benzene at 25 °C (1 min). “TOF = TON/time.
4GPC data in THF vs polystyrene standards. “NBE 100 mg
(0.22 M). °Cis percentage (%) estimated by '"H NMR spectra.

References

(1) Nomura, K.; Hou, X. Dalton Trans. 2017, 46, 12.
(2) Hou, X.; Nomura, K. J. Am. Chem. Soc. 2015,
137,4662; 2016, 138, 11840.

(3) Chaimongkolkunasin, S.; Nomura, K.
Organometallics 2018, 37, 2064.

(4) Buchmeiser, M. R. Chem. Eur. J. 2018, 24, 14295.
(5) Kawamoto, Y.; Elser, I.; Buchmeiser, M. R.;
Nomura, K. Organometallics 2021, 40, 2017.
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W5 E ebic, PBD ICXIGT % ¥ — 2 [35RFE
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1h
. 3h
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Figure 1. GPC curves of PBD and P(NB/BD) the
reaction products (o-dichlorobenzene, 140 °C)
24 h

6h N e~ ﬁ

e

30 min \‘

| 10 min A NN

P(NB/BD) FYAVAN

} PBD

T T T T T
7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

Figure 2. 'HNMR spectra of PBD, P(NB/BD) and the
reaction products (500 MHz, CDCls, 25 °C)

1) S. I. Chowdhury, R. Tanaka, Y. Nakayama, T. Shiono,
Polymer, 2020, 187, 122094.

2)Y. Hu, W. Dong, T. Masuda, Macromol. Chem. Phys.,
2013, 214, 2172.
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3. BERBIOELE

3 FEEH O Sk D YEETE M U A — v & BRI
FfgRfle 7 o V) Ronh 3 FHOE ) ~— (M1-3)
AR - [FE L7z, Rufitlt (HG2) fF/EF. £/
~— MI1-3 ® ADMET &E&/IZ LY | i E s &

HETHL TS b E - & w95z L D i b ZEVA

- Abdellatif Mohamed Mehawed * BFF{ZE i
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(Table1), AY ~—@D 'H-NMR A7 L)L I
V. SR TRIA L 7 4 AN T 5V 7
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VIZIE R E BB A LR D k#%
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HILDHR Y ~w—Dy &%, EARHSCHE D
WEEZT T,

51T, BonR Y v —lTn oz AEEES
HZ < ED ALO; ZIRIL T 50°C TK
Ft+rz LT, fAfRY ~—%2 527, ¥BET
X O ST 5,

Table 1. ADMET Polymerization of M1-3.2

monomer cat time MpP Muw/Mp?
/ mol% /h
M1 2.0 3 15400 1.68
M1 2.0 6 16800 1.91
M1 2.0 24 18600 1.58
M1 1.0 24 18700 1.81
M1 0.5 24 19400 181
M2 2.0 3 14800 1.68
M2 2.0 6 15700 1.85
M2 2.0 24 21400 1.73
M2 1.0 24 23900 1.71
M2 0.5 24 25700 1.78
M3 2.0 3 12400 1.57
M3 2.0 6 22800 1.83
M3 1.0 24 11400 1.61
M3 0.5 24 9400 1.43

aConditions: Ru cat. 2.0-0.5 mol%, monomer 0.65 mol in CHCI3z
0.18 mL , 50 °C, Hz 1.0 MPa, 24 h after addition of Al.Os. "GPC
data in THF vs polystyrene standards.

References

1) K. Nomura, N. W. B. Awang, ACS Sustainable Chem.
Eng., 9,5486-5505 (2021).

2) D. Le, C. Samart, S. Kongparakul, K. Nomura, RSC
Adv., 9, 10245-10252 (2019).

3) K. Nomura, P. Chaijjaroen, M. M. Abdellatif, ACS
Omega, S, 18301-18312 (2020).

4) M. Kojima, M. M. Abdellatif, K. Nomura, Catalysts, 11,
1098-1106 (2021).
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i b=, 1,3PDiiA{LEE, THFE1,3PDO i bk 2247
I SO R OISO K0 L= THFE1,3PD O
BT, BRI EA TIRLLERDIT T Th
5. D7 Z 7 OGS TIZIRIETHFED B3 i

FTHRBESEL DLARDOL WEERBOS

(BEOR) Ol HEERD, 9

FAL, A E], A E A

L, THF:1,3PD 5 Jis Fb 3R 1340:1C, =D THFHE{L R
HELIlT o, MWW TIE 7 50 7 LRI R RE
T, ASALUSY Tt THFE1,3PD D fix{k 2R iﬁ%&fpo
72 Fo, ZZETORSTIE AR DOECEY 4y
B (M) 131258l FTho7=(FE1) D, itE/\be
1Tl olmZ % xd . MFIE*BEATILTHFE
1,3PDDH#A LN &<, KSR IF2:172 >7-. MFI
TITAE Y DOMaE249T, 255 FDTHFELS £ D
1,3PD0)HEE7J<%{%/\T1~?£Otk%z%ﬂ(@ﬂz%@’\
%%zizzoﬁgé@if), HANEITLIZEITE 2R
. —7J, *BEATOMIZ340TH-1-2EM 5,
THF 1,3PDD55y 1 LI LB S8 E &7 L HEHIE
na.

2 2

9 | wTHF =13PD

80
= 70 +
% 60
=50 |

40 | _

20 _M

20 40:

10

oL n 1 I ]

7329 ASA usy MFI  *BEA

[X]1. %ﬁﬂi@%if@THFwtqﬁ, 1,3PDiiA{L R,

i bb 2 (THF:1,3PD)

#1. FFLEE, Bronstedfiz S0 &L DR DR
1 CESINHa = Z e —: AH) , Kk
L R DOV 55 -5 (M)

e/ B8 (AH)/

po-a
sk ﬂ?r';i/ mol kg? kJ mol? Mn
Bransted Bransted
75049 - - 92
ASA 3.7 0.17 119 106
MWW 10-ring 0.37 141 119
usy 12-ring 0.42 122 125
MFI 10-ring 0.68 139 249
*BEA 12-ring 0.83 127 340
FUTIT M FLEE DN Bransted i 5. 00 & & Z DR

FEDFRE CEEINHali Bl = # L —AH) 27/~ 7.
MFI, *BEAZ 1T H DL L L ko 3k BE A >
Brransted@zﬁﬂ%b\t&b 1,3PDs 7 ukfbEn,
THFEE D AKHE &R HEITLCT <, 62, *BEAT
I IMFI LD K& Wb AN LI T L
LEZBNS. JL%@ L, Sy ERRENTR
Vo —% AT 27201201, aR~—>2N 5 TE5
RETAM AL EH’E{EJéné.

1)Katada, N., Mol. Catal., 458, 116 (2018)
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B ERMEIC K

NETIC, IFLUPHEBESIVDESIZER
BHRAGEEHEAMENRHINTE -, ThIZL
Y. IARAEOFIHOCYVELTES, BT/
R—LDOHEEHRENERSINTIND, HAIEKRY
TLI40EBROETIHFLLERFFMHORKEE
BfEL. (1) NSO LMEIZKEZFL T4 DE
HEESICEMEHFLVE/ I—D%H. (2) Y
DERBETOXERMREZFRAT SEEMBEDEETIC
DVWTHREHZT>TE, XFBETIE, HIZTZTFUL
VEBIUEESICOESICHEMGH L UVEREICE
mELIXY. REOMERRERBNT 5,

(1) NHC SR#EWICKBZIFLVER

IFLUEARICIE,. BRUEBBEEMIMME S LT
RAUWohTE, HIC. 2AHEREREIIBRRRM
MK, Pl ZIX Lo, TF L EFRAEBMNE
B/ X—LOHEEBEICAEVGMELMON TS,
£ 11 EERELERRENMECTHYESMELLT
BN I-NEH, RERIFLUOESMES LTH
Won=BlIER SN T NHC B FZET 5=
% Ag BREZOHLDGEWMITHY., TFLUES
[CHRBREDEMZTRIEABESATNS I, £
DEESHBIIEHALSMNZINTULVELA, Ag [F—HEH
[C—ffi - EfREEOBEZ L YDOT NI LMD, EE
D Ag PILDRITEAERMICEONTLDEREEHE X
bNb, £ T, %A NHC BRI F %D Ag g&1K
AN, IFLVESIZDOLWTHREZT-o=2,

(NHC)Ag #81K (1) LEBM#AFILTILI/ XYY
(MMAO-3A) #fiAE&hEfiEZEA0 ((1]=
mmol, [All/[Ag] = 150). TFLUMET (1 MPa).
ML s (20 mL) 30 °CT 20 BEIRIG S B &
ZAH, FHEFEVEOORY)IFLIUNE LN
(activity: 0.103 g mmol Ag”' h'') ,DSC BITEDFER.
BonfzR)IFLoDORAED 139 CIZEHRAIS .
HBERFERIIFLUOTHS I ENATEINT,
IPr 4> IMes BBt F%# 4D Ag #8 AL TF L VESIC
BEHTHY. 140 CEBZDEEZELORIIFL
vEHZ 1=, (IMes)AgCl & MesAl &£ DRIETIE.
IMes BRI FAS Ag M5 Al IZFE Y . (IMes)AIMexCl A
EBLTWS I EMALIELG Tz, S BIC,
(IMes)AIMes #t{& & [PhsC][B(CeFs)s] & D it Tl,
HFF4 ot Al SR ([(IMes)AIMe2)][B(CeFs)a]) V4

HEAS (B51OEH - AREFHRS)

BIFLY-HESTIOD

EROES

2L

EARTAIRIET) A A7

LTWBZEEmhotzs SO EMNL, KES

MJHF%#EWEEE&&ofbéj%H#m@
Shto, EREIZ. IMes & MMAO-3A ([IMes]Al] =
1:150) A ELE-MELZAVNTIFLUEE SR
BEILI-E A, AgiERTALFFERERIC. &L

MRZRIRUIFLIUNFE LN,
\/
N‘Me
N.Me
’\
1 NvN
IMes

(2) ZAEHSRAEBHEMEICLKSIFLUES

HBEsFERIIFLUOOAFHESRRAIES
LT, BRE - SMEEMERIRIIFL UM
LD LENMOENTILND, K. BEHLFER
DIFLYOEERIEIZETILHARAARLLNTE
=0, ZORICKEOARBEEZLE LT HRAHME
BETHo=, —AT. IFLVESIZBWLT., 9F
HEAEEREIE IR TF L Ui EEENICS
BT @b iThnTd, HlARE. A YEBIIKIC
BHEL-MEFZRANV-IFLUESTIX. BUHY
HEERICEALEBERESEPFERVIFLY
(UHMW-PE) B 5N b Z EAFRESINTLVS Y,
Helx, 2HEASRICEELEZ-F2 /2> (Cp,
TiClz) ZfEICAHL., MLIVHBTIFLUERE
115 2 & T, A5 ARETHHMIRD UHMW-PE A &E
BTBEFRELT-,

Cp,TiClo Z$#E#EH L7=F.Z 50 nm OZIEHS X
(PG50) I LT FILZVE LU MAO #1Z. T
FLUMET (IMPa) T1ERRIGSE-EZ A,
HSRARAIZKR) IFLUODERNHER SN, K
DIFLUORAIX 141 CTHY . UHMW-PE TH
HIENTEEINT- . EEHROATSAMED SEM &
TlE, AZANEI SRR IFLUONATR
SMZERBICERUTOLSH%RFAER S (Fig.1.),
LHL. COEEICIEAS AN ER LA TF
LU RILIhTERLTEY ., EAFEERELN—
HEAEHSANIBHLTWS EEZ DN S,
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7 T. BifiiiE & L T 'BusAl/[PhsC][B(CeFs)s] & B L =
BEICIE. ASADS#ERLIZR)IFLURIFE
AEERET . ASARAICEAZE 142 CI2H DR
JIFLUDNER LIz, EEEDO TS XEED SEM
BT, UHMW-PE (480K PE (BiHER
36-77 nm) AEEIN1=(Fig. 1) AEA4nm DEZH
BASRX (PG4) #HVCRKRICTIFLUOEAZLT
SBEICHLHSAREAICKR) TFLUMNERLT
. TOREIL PG50 ALV BEICHARTEMN >
f= (138 C), £t=z. HSAWE®D SEM B TIL, £
% % BT MK PE ANBRR S (HHER 32-50 nm) .
Y EAEREFERENHMMBERBEZHERLTWLS
AR EINT=,
L' wm

Fig. 1. SEM image of PE formed by Cp2TiClz
supported on PG50.

(3) EFRXVENSU—HIEMEICKDAIY
TJLUESE

BRFAVTLUH 13- T2 T UDOILIREIRH
BERICAMDLERMEICOLWTHERIFEIT - TEL,
ZhETIZ, 66-PEFRFAFT22-EEY DY

(6,6'-dhbpy) Ni ##{K4> Co #8{A & MAO #fAHED
H-AERMN, 13- T2 ST oD cis-1,4-BIRMES
#5IEH#E 23 2 L4, (6,6'-dhbpy)Ni #{K & MAO,
5-/ILIRIL AR V-2-A FILT I U EHABEHE =
RN, ERBIOIFEICDLEN13-TE2OIT DA
VYBROFYIA2-BEREZEITEERHLTL S,
NLDGEICIE. RIGPICEMAFOE FOFIE
EFIZABDABASHh, CHNFEEOEREICEE
BEREZR-LTWSEEZOND, HEAlF. &5
[CEELOFTEMEICKSIEE~NEEBEAZEMNY.,
6,6-CE FOFL-22-EEY ¥ (6,6-dhbpy)®E
FAFSEYDILAIY, EYDILALREHI R
EHFIETI FEEAELEMERN, 1V TL
VD1ABRNESICENTHSEZRHE LY,

Nd[N(TMS)2]5/6,6’-dhbpy/BusAl/[PhsC][B(CésFs)4]
REMEIFAVTLUDESICEVEEETRL, 14-
BIREOSWR)I—%5Z 1z (cis-1,4=91.5%)
6,6-dhbpy Z# M A FICHREZITHEHEBICLESE
AT LA cis-1,4-BIRMEFIET L (cis-1,4- =
87.3%) , —AT. 5,5-dhbpy +> 4,4’-dhbpy ZF L\

HEAS (B51OEH - AREFHRS)

TR LS UVEN - cis-1,4-8IRMEZR LT (cis-
1,4 = 96.6% (5,5-dhbpy), 92.6% (4,4-dhbpy)) o %t
2T, PERAFYEEYDVIZEBLNTE FAFY
ENBRDELCICHEIZT 5 I EIEEENE - 2FER
HICIEIBHEBETIEREL, PERFRFSEEY DU,
T A MERMAFELT ND ICEEZLTWSEER
b, FILZZILNEERICESMT S LT Nd D
REFHZEOTLD I EMN, BULEN - BIRMED
BIZh-o-TWBEEZLND,

dhbpy DALY IZE KAFLEY SILA 2 0Q2)%
AWISEICHLEBEOWRETKRY v —DF 5N,
ZD 1,4-FRMEIE NdIN(TMS)2]zs DA FHALN-5E
ICHERTEN-Tz (1,4-=91.4%,) .

[a%s)

6,6'-dhpby Q_\
/ OH

5,5'-dhpby

7 N\

/ \

_ \ /
N N 3:R'=iPr,R2=H
4,4'-dhpby 4:R'=R2=Me

N-(2,6-4 Y 7REILTzZ))2-EY P UAhIL
REH I FR)ZAVEEEICIE. cis-1,4-FIRMED
725-93.7%NDR) I —hF 5Nz, —H. N-(2,4,6-

FUAFILTZZIU)2-EY DUAILKREY I K@)
FRWSEEE cis-14-ZRENK YRR 1Y
TLohgontz (91.5-95.7%). $¥IZY,Gd 2D
WWTIE La, Nd [TEERTEM. cis-1,4-FIRMEAE <

(Y: quant. yield (15 min) cis-1,4 = 95.7%. Gd: quant.
yield (5 min) cis-1,4 =94.3%). €EBD A F U FEMN
INEWZFE, cis-14-BREIETSIMEE o= (La<

Nd<Gd<Y), ChioDfERML. BEUFEEED
AFFREDOHEYGE/NT D AD G cis-1,4-F4R
HICEETHDHEEZOND,

1) Jin, G.-X. et al. Organometallics 2006, 25, 3565
2) AHGBRF-MTARN-PEDPRF - BEEEE - R
LS8R - LR - EIRES, £ 51 BA# - AiReE
FiRe P29.

3) T. Aida, et al. Science 1999, 285, 2113.

4) #HARY}-TAXRNT-SHFEK. E51EHEB - A
miEFEtaw= 1F09.
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Copolymerization of Ethylene with Myrcene

by Half-Titanocene Catalysts

(#BSLARBEER)

1. Introduction

Development of sustainable polymers from bio-
renewable feedstocks has been considered as an
important subject, and [B-myrcene is a promising
renewable monomer due to their natural abundance and
their reactive conjugated 1,3-diene framework (like
isoprene).! Half-titanocenes containing anionic donor
ligands, Cp’TiX»(Y), are known to be the efficient
catalysts for synthesis of new polymers by ethylene
copolymerization, and the ligand modification plays an
important role.> We thus herein present our results for
synthesis of the random ethylene (E)/myrcene (My)
copolymers by phenoxide-modified half-titanocenes
Cp*TiCly(0-2,6-"Pr2-4-R-C6H>) [R = H (1), SiEt; (2)°],
in the presence of MAO cocatalyst (Scheme 1).*

Ti cat.

- MAO
E | cocat.

Me
Al )
0%

"
Y

X

poly(E-co-My)

\

X

Formation of cyclopentane unit

cyclization
Ti\/@ My My ——
2,1-insertion 2,1-11,4-
insertion
T
assumed intermediates
Scheme 1

2. Experimental

Ethylene copolymerizations were conducted in
toluene in the presence of MAO white solid, prepared
from commercially available sample [TMAO, Tosoh
Molecular

Finechem Co.]. weights and the

distributions of the copolymers were analyzed by GPC

and the microstructures were analyzed by NMR spectra.

3. Results and discussion

Table 1 summarizes the selected results in
ethylene/My copolymerization by 1,2-MAO catalyst
systems under various conditions. The phenoxide-
modified catalysts (1, 2) showed remarkable catalytic
activities, notably at high temperature (50 and 80 °C),
and exhibited rather efficient My incorporation. The
resultant polymers were high molecular weight poly(E-
co-My)s which possess unimodal molecular weight
distributions as well as composition. On the basis of

OSuphitchaya Kitphaitun, and Kotohiro Nomura*

microstructural analysis, the resultant copolymer
possessed cyclopentane units with My pendant arm (-
CH,CH=CMe), formed by 2,1 or 1,4-My insertion and
subsequent cyclization after ethylene insertion
(Scheme 1). Importantly, the resultant poly(E-co-My)s
exhibited promising tensile and elastic properties
depending upon the My content (Figure 1). More

details will be introduced in the symposium.

Table 1. Ethylene copolymerization with myrcene
(My) by 1,2 — MAO catalysts.

cat. My° temp activity! My® Tm (Tg)"  My?

(umol) /M /°C x1074 /°C /
mol%
1(0.5) 0.97 25 1690 7.17 59.5,(-84) 7.9
1(0.5) 0.58 50 4160 8.33 82.3 2.6
1(0.5)* 0.97 50 6100 16.8 75.5 3.5

1(0.5) 0.97 50 3320 5.63
1(0.5) 1.46 50 3100 4.75
2(0.5) 0.97 25 1440  6.58
2(0.5) 0.97 50 4500  4.32
2(0.1) 0.97 80 6600 3.03 63.2,(-18.2) 5.3
2(0.5) 1.46 50 2200 2.54 (-20.9)  10.9

60.2, (-15.6) 7.1

(-16.4) 9.9
60.3, (-9.0) 7.7
62.5, (-18.6) 6.7

“Conditions: total 30 mL, ethylene 4 atm, MAO 3.0 mmol, 10 min,
Pethylene 6 atm, CInitial monomer concentration. %Activity in kg-
polymer/mol-Ti-h. *GPC data in o-dichlorobenzene vs PS stds. By
DSC thermograms. Myrcene content (mol%) estimated by *H NMR
spectra.

My 2.6 mol —
15 o | Strain Recovery (10 cycle)
14 My @b
3.5mol% <
£ 12 ]
= 24
= @
3 10 My
% Ao
8 /-‘ 6.7mal%
[
6 ) 50 100 150 200 250 300
| Strain/ %
4
Unique Tensile and Elastic Properties
2 My
10.8 mol% My 9.9 mol%
0 T T T T T
0 500 1000 1500 2000 2500

Strain/ %
Figure 1. Stress—strain curves and plots of hysteresis

experiments of 10 cycles at a strain of 300% for
poly(ethylene-co-My)s.

References

(1) D. E. Fagnani, J. L. Tami, G. Copley, M. N.
Clemons, Y. D. Y. L. Getzler, A, J. McNeil, ACS
Macro Lett., 10, 41 (2021)

(2) K. Nomura, J. Liu, Dalton Trans., 40, 7666 (2011).
(3) S. Kitphaitun, Q. Yan, K. Nomura, Angew. Chem.
Int. Ed., 59, 23072 (2020).

(4) Submitted for publication.
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Hakodate Conv. of JPI (51st Petroleum-Petrochemical Sympo...

Cycloolefin copolymers bearing pendant fluorenyl groups with improved refractive

index and low birefringence values

(Hiroshima University) OHaobo Yuan, Ryo Tanaka, Yuushou Nakayama, Takeshi

1. Introduction

Cycloolefin copolymers (COCs), including
norbornene (NB) based copolymers, have great
potential for the application of optical lenses and
films due to their high transparency, low moisture
absorption, high heat resistance and low density.
However, they usually have lower refractive index
compared with other optical plastics containing
heavy  heteroatoms, which reduces their
competitiveness.

Recent computational research predicted that
the copolymers with fluorenyl functional groups
would show both low birefringence and high
refractive index.!

In this report, we conducted copolymerization
of NB with new alkenyl monomers bearing fluorenyl
groups by using the (‘BuNSiMeFlu)TiMe, (1)-
[Ph3C][B(CsFs)4] catalytic system with 2,6-bis(1,1-
dimethylethyl)-4-methylphenol
octylaluminium (Oct;Al/BHT) as a scavenger,

-treated  tri-n-
which catalyst system has been discovered to show

a living manner for NB/a-olefin copolymerization.?

2. Experimental

All operations were performed using the same
techniques reported in the previous work.> The
alkenyl monomers a, b, ¢ and d were synthesized by

R R’
1) "BuLi O 3/
. 2) H,C=CH(CH,)3Br .
AL A e 1 i
O Et,0 O
R R
a(R'=H): 78%
¢ (R"='Bu):90 %

1) "BuLi
2) R?Br

Et,0

R'
b(R'=H,R?="Pr): 79 %
d(R'=H,R?=Et): 76 %

Scheme 1 Synthesis of alkenyl monomers bearing

fluorenyl groups a to d.

Shiono

the procedure shown in Scheme 1. The polymer
films were made using a solvent cast procedure with
CHCI; as a solvent.

3. Results and Discussion

Copolymerizations of NB with a, b, ¢, or d were
conducted at 0 °C in toluene with a monomer feed ratio
of 3.6/1.4 to 4.6/0.4. Copolymers with M, values over
50000 and controllable fluorenyl group contents were
obtained with total conversions of 88 to 100 %. The
GPC curves of the obtained copolymers were shown in
Figure 1. The comonomers with an alkyl substituent on
the 9-position of fluorenyl groups (b and d) gave
copolymers with narrower molecular weight
distributions than unsubstituted comonomers (a and c).

The copolymers films were transparent and
showed refractive index (up to 1.66) higher than the
conventional COCs (about 1.54). Meanwhile, their
birefringence values were low (down to 3x107%/Pa).
Other thermal and optical properties of the copolymers

will be discussed in the presentation.

(1) T.Badur, C. Dams, N. Hampp, Macromolecules,
2018, 57 (11),4220-4228.

(2) H. Yuan, T. Kida, H. Kim,R. Tanaka, Z. Cai, Y.
Nakayama, T. Shiono, Macromolecules, 2020,
53 (11),4323-4329.

t =60 (min) Yield

NB/(a~d) = 4/1 (mmol) (%)

—— NB/a 100

—— NB/b 91

—— NB/c 88

NB/d 94
3 4 5 6 7

logMW

Figure 1 GPC curves of NB/(a ~ d) copolymers
obtained by 1-[Ph3;C][B(C¢Fs)4]/(Oct;Al/BHT).
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(BhRTABRET - XKML TV FR b /ﬁiﬁ’ﬁ?ﬁﬂv**)

1. %8

AT 13-TEST VDI FBRIRHNESR(IC
BVEHRALGERMENRESNTETLS HFIC,
L EEAMEILEENS (. S cis-1,4-FIREF R
FTHELZL, HRIIINETIC, PEFOFTEE
Jyor ) veErFAFLEYDLLEIDAD) EFL
7 3 K, BwAl &
U [PhsC][B(CeFs)4] \ 7 \
A EHE - N N
&, 1vFLy, MO | OH
13-T24STUm <
cis-1,4-EBIRM T &E
BITEAMTHD & Q_\\N R
#RHELTWS',Z HO
DBE. 101 [ZE .
fIFELTEREICE

BLTHY . BuAl AZLFLEHEE LTHC &2
2 10 1 OBREAEERT 50 LT, BAERE
LThdeE®E .

2TV (H 7N\ \

1), ARET N /N@R
. REo7)L RAO - In

PN R R

R O 1 PEEAENE

TE5, AILARFY I FEE (L1-L5) E/EET7IF
FHAEOLEMEREAN., HECIVDESRIC
DVWTHREHZEITo T
2. BREER
Ln[N(TMS)2]s (Ln=Y, La, Nd, Gd; 0.01 mmol) & &
U L1-L5 (0.01 mmol) &L LT VA& (2mL)
(23t L T.'BusAl (0.10 mmol) & & U[PhsC][B(CsFs)4]
(0.01mmol) ZIBXRMA S Z & THREERZARIL .
FhicxtLTAYTL> (400 mmol) #MZ T
40 CTRIEESESHZ LT, EEZH®ET L1z, N-(2,6-

oS4y JaorEILT T __ 0 R

S EYT LA @—{

REH I FLNER N~ HN R?
WE=BEI1ZE, RIGE

R‘l
fEl 1-3 BFfE TR L1:R'=iPr,R?=H
63.5-100% TR ) < L2: R'=R?=Me

HEEBCIVEDESR
L Atk HFAE ( j gt 1:._73‘0% L(f&;ﬁ
7AzH ERix . > - S8 JK™

—MNEohiz. BoNfzRY) T —D cis-1,4-ZRME (L
725 - 93.7%T&Ho71= (La: 93.7%, Nd: 72.5%) ,

Ln[N(TMS)2]s DA ZERAWNIGEICEL ESIEEITL.

ZDIHEEDANEERMIEEIETE N 12 (REGH
il 1-60 9 TURZE 84.0-100%) . cis-1,4-ER (X 71.6
-91.0%THY . EEDIELEIC & > TIXELLF DA
MELER NI (La: 91.0%, Nd: 87.3%), —A.
N-(2,4,6- k1) A FILTTZIL)2-E ) SUhLKRF
B2 RL2)ZAVEESIE L1 ZRAVEEIZER
T cis-1,4-EREITE < (91.5-95.7%). $5IZY, Gd
[ZDULTIE La, Nd ITEERTEM. cis-1,4-FIREH
=UMEZRL (Y: quant. yield (15 min) cis-1,4 =
95.7%. Gd: quant. yield (5 min) cis-1,4 = 94.3%) .

Ftzcis-14-BREIX. EBDOA A D FEHP S NF
E. BUMEELL o1z (La<Nd<Gd<Y), Chid
BRHIL., BUFLEEROAF U FFL0BE TGN
7/175\ LY Cis-14-BIREICEETHDIEEZ DL

GjH NHMes %_{
NHMes
Me
— 0]
N\ 7
NHMes N NHMes
L6

N-Z1)—JILEELT 246-FJAFILTzZLE
36, EUDUENDBEDERGHSNILARFY S
F (L3-L6) & Y[N(TMS)]s Z#A & -l R(C
DNWTHEEZHE Lz, Thnld L2 ITHARTH
LEMZ R Lz (RIGHER 20 #-2 9 TIRE 28.9-
52.6%). Ff=. WThDHEELEL cis-1,4-8RHE
NEZR - (L3: cis-1,4 = 94.6%, L4: cis-1,4
>97.0%, L5: cis-1,4 >92.2%) ,

(1) BB MARNT-SFEK. £ 70 BEHF
we 2C12.
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EBREBEARD XANES ARYKMLUZIaL—I 3V

1. %8

X BRIy Ve (XAS) 1, E D@\ Itk oy R he
L& =7y MR A JEL O /a7 E G wmsmohn
HEVORFERHY | X BREIHT (XRD) R <L
53 H61E (NMR) S HE A O 7ot & g bir — v & L TRl
MENDIDIT70>TET, KR, AR L
DEHFENA T, Bl CIRIEIR T D in situ [ E 72
ELESINTIY ., 43 F IO TR PRI < S
HEHRDfENT ~DIS AR ED HI T, 12

FrlZ, =7y MR Offi IR BBICH R L THL
N5 XAS ORI IT XANES EFEIEIL, FT-D
PR BRI R, B L O BAERRE | 45+
DFMEZFND L THRRIEWME E A TVD, Ll
2D XANES OfFATI3, Pkphid KRB D B H v
BEELNWZEDBAT L2l — 3 DRFFEN
FENTEY, BURTIEL, AF7EE ORBRIZIKD LA
REV, RFEH T, bR EEFHR F kL L TIAL
RIS TS IRF K A7 BEYLBE 45 (TDDFT) &

BB ITTHED XANES A7 MLORHT~EBHL

BEAMBEE L CRIHSNS Ti 8580 V S5 R ZHIC,
IR XANES AT ML OFHFfRT S B0
FHRAC LD SR 22D R A ORISR E 21T
e DO F RIRATIF TR DV TR 5, Y
2. B

TRV — A A PR E L7 TDDFT 35 (HLEE%K :
®B97XD) % M\ T 5000 eV LA ED 1s FhiE kg
100 JRHEFFHHEL , pseudo-Voigt Bk &l ~7=7 0 —F
=V EREATHE, Fig. 1 1R T I EBRA~LI -
NOIERE BLEHETHZE08 0035, RO H
MR RWT, flix O Ti $5R V 85 R, XY Al
B A T2 T D ROSTEMEFED XANES A7
MV E R LT,
3 HREEE

% D V $EARIZOUNT XANES A7 ML Z 33
L. 2O — (@4 R 5L FERITR

ik 0 I I R AT

BB B

FEr k) O B

o5

Calculated spectra P I,
—— FWHM 0.5 eV n
——FWHM 1.0&V I

——FWHM2.0eV

Oscillator strength

- i \/
5486 5468 5470 5472 5474 5476 5478 5480

Expti

5,460 5,465 5470 5475 5,480

Fig. 1 Calculated and experimental XANES spectra of
vanadium complex 1.

5468.0

— r 25
S sugrs L R=0.94 pragict
o _~Bp,
= sl 5T
o 670 - < 2P, 6P,
=, g
@ AR o

L Ak
@ 2%65 « T 4P,
c b 8p,
L sme0l =
4 L .

2P,

2 54551 *7p, ‘o
8 &P,
G S50 ey, e
£ 1. 1P,
= The calculated energy well agres vith sxperim etnal
8 5464.5 - data by the constant shift of 77.05 eV
c L
W 546

4.0 L L L I I L L L
54640 54645 54650 54655 54660 54665 54670 54675 54680

Calculated photon energy (eV)

Fig. 2 Correlation between experimental and calculated
peak energies.

FIBIBIR S DD (Fig. 2), L7ehd-> T, NRHLIE
(ZHSRT AR RRR AT = RV — T T D E
TMZESTURIF PR T D ENTED, F72. V K
& Al B2 00 RS &o TR LSS OSSP
ZRHECTTHIL, XANES AT NLEFEBRD in situ
HIE L3528 T ROSTEMEREANY V S5 E Al B))
kDA SER THHZEDIRBS T,

1) H. Takaya, et al., Bull. Chem. Soc. Jpn., 88, 410 (2015).
2) K. Nomura, et al., Organometallics, 36, 530 (2017).
3) J.Yi, etal, Phys. Chem. Chem. Phys., 22, 674 (2020).

Copyright(C) The Japan Petroleum Institute 2021 All rights reserved. 1F10 -



1F11

HEARS (B51EAM - ARIEFARS)

On the origin of active and selective nanostructures

of Ziegler-Natta catalysts

(JAIST” - DPI™ - UNITO™) OToru Wada™"™", Alessandro Piovano™ ", Gentoku Takasao",

Patchanee Chammingkwan™™", Elena Groppo

1. Introduction

Ziegler-Natta catalysts (ZNC) exhibit high activity and
stereoselectivity in the polymerization of a-olefins despite
their relatively simple components (TiCls, coordinating
Lewis base organic compounds (donor), MgCl, support). It
has been considered that the interactions among TiCls, donor,
and MgCl, surfaces account for the active and selective
nanostructures. However, their details have been unclear due
to the heterogeneity and complexity. This study attempts to
the origin of the active and selective
during typical
high-performance ZNC using Mg(OEt), as a starting

understand
nanostructures preparation of a

material by means of multifaceted analysis techniques.
2. Experimental

The catalyst preparation [1] and sample (A-F) extraction
protocols are shown in Figure 1. Mg(OEt), powder was
treated with TiCls in the presence of di-n-butylphthalate
(DBP, a typical donor), and after sufficient washing, the
obtained powder was treated with TiCl4 again. The extracted
samples A-F were subjected to chemical composition

analysis,  ethylene/propylene  polymerization  tests,
synchrotron ~ X-ray total scattering, and various
spectroscopies.
4 TiCl,
()
5 Washing I
© E
g Washing
£
R
Time

Figure 1. Catalyst preparation and sample extraction
protocols.

3. Results and Discussion

Based on the multifaceted analyses, we visualize the
evolution of catalysts (Figure 2 top). The polymerization
activities of the extracted samples are also shown (Figure 2
bottom). (A,B) Mg(OEt), quickly converts to MgCl, seeds
upon contact with TiCls, yielding TiCly(OEt)sx by-products,
which efficiently polymerize ethylene but not propylene. (C)

Kok Kk

, Minoru Terano™"", Toshiaki Taniike™™

The addition of DBP grows the MgCl, seeds with the
preferential exposure of lateral surfaces, including those
relevant for the catalysis; consequently, the catalyst becomes
capable of isospecific polymerization for propylene. (D) The
aging step completes the growth of MgCl, seeds and
partially removes the by-products. (E) The secondly added
TiCls mostly chemisorbs on MgCl, surfaces while largely
replacing the TiClx(OEt)sx. Thus,
remarkable activity for propylene polymerization. (F) The
aging allows a rearrangement of the species (MgCl;
morphology, DBP dispersion, and the local structure of the
Ti sites), thus further increasing the activity towards
propylene polymerization.

The results of each analysis and how they are assembled

the sample gains

to illustrate the evolution of catalysts will be presented.

Figure 2. Top: Image for the evolution of catalysts. Bottom:
The polymerization activities of the extracted samples for
ethylene and propylene (monomer = 0.4 MPa, n-heptane =
300 mL, catalyst = ca. 10 mg, triethylaluminium = 10
mmol/L, Al/cyclohexylmethyldimetoxysilane (only for
propylene polymerization) = 10 mol/mol).

Acknowledgments

The work of T W, A.P,P.C,E.G, M. T,and T. T.
forms part of the research programme of DPI (P.O. Box 902,
5600 AX Eindhoven, the Netherlands), project #302.

[1] US 4829037 (1982), Toho Titanium Co. Ltd., invs.: M. Terano,
H. Soga, K. Kimura; Chem. Abstr., 108, 113156x (1988).
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B4 MAO % Bhfshl & 4 %
9y¢»#4h%ﬁ®ﬁ%ﬁﬁt=ﬁ et

R B REe et E 1)

1. &5
AFNATNAIFH (MAO) (FA V7 4 VEA
BT DA X vt CEROB R & L TR < F
A Tnsd. MAO ZINEAVLEE4 25 Z & THEL
D ER MAO (sSMAO) 1, TEMEALAIE HIED 2
OOMREE A L BRI CH v, THEMIZEH
AR SHES Tt A~DORAAZAREICT 5. =
o OB I TE S G BSA DB O 1 O%
ToA v LT EH Z & TIEMRE R X
WA=, Bl v A AR FE X IEVERR DM
WL G 2D5EE25N0 TS, AIFETIX
F VL7 4 VEARHIBIT S sMAO OBhfililiaE
SMAO [ 5D & NV A Ak EE & o FHEI B
fRIZOWTHRE L.
2 2ot
BERAEIAIE, B2 L TRIEA A
M OIEMFEZ TR L sMAO (CELEEHHEF S5 Ni
([Ni(C1oHs02NCeH;_2,6-iPr2)(Ph)(Ph3)]) &
A GBI OIEERE 2 TER LIEE S D Ti 5K

((+-BuNSiMexFlu)TiMey) () 2 FEFEZ A L 7.

F72, sSMAO I Y — 7 7 A VU r 2ER SRk
EIDIII %{ﬁﬂq L/7LC.
3. EBRERROEL

—EED sMAO IZXf L TR EEZ A2 C, =F
VBB EIToT. EAERS % Table 1 [Z7R7.

WTROKICENT G, $SHEREOBIINICEE- T,

HARDTZ D OIEMEITET L, GonizR Y =F 1
> @ GPC fh#iE, & FEAICBEHTLE LS
(2, DFBESAMTIES poTe. T XKD IZEERE
e J:of{ﬁi@@fi’%i_pr\#éizhé_éﬁb

X /Zﬁf)”)!:) RInREPI Lk ") LB oL
O W(I ﬁ HH sE - it 8 %
FAELTND EBE LT,
100 Run 1 Ly
Run 2 '," ':' ‘:\'

o]
o

' L] 1
Run 3 P I T
'

d Wid log (MW)
5 3

N
o

o

log (MW)
Fig 1. GPC elusion

FZTT X UTEEIC & o T sMAO i D e
DA L7, EORER, Ho (NA v S OFEEE
B0 7% 4.8 LT D55V EE UL 1.8 mmol/g, Ho
-3.0 LLF OFRER s E 29 umol/g 1FET 5 Z &8
bhoi-.

Z I T, ISMAO RIZBWTIE, M, BNEAREM
WZHHIL, =F L UEANY B T IIICHEIT LT
WDHZ EEMER L. 725, Rund-6 (2B
LEARE DI D My DRI, AR ROGSH
EORTICER L TWD. £72, R ~—Hn
5, ETOEKIN sMAO 12X » TiEMbEN T
WBHZ EDRDbND.

LEDZ L n, $EREDDI2WREZIE, SMAO
K D @A AR O R MBI ERE D
TR bivETIEE CEn T &IEE 52203, 85
REOBKIZHEN, BV A ABEORERIZL > T
HIGMHRA TR S bk, IKIEPE TR %Eﬁ%
Hz256E852nZ 2oL,

5, sSMAO K I3/bA AFRYEEE D F7p 2 Wk 03
Table 1. Polymerization of ethylene with Metal (Ni or Ti) complex activated by SsMAO.
Run Amount sMAO Temp Yield M2 My/M, AP N° Acid Point
(umol) (2) O (2) x103 (Metal)  (umol) (umol)
(g/mol) x102 (Ho=-3.0)
1 1.0 0.34 0.60 1.2 59 24 5.0 9.9
2 Ni 5.0 0.34 40 0.94 0.67 7.5 7.5 14 9.9
3 10 0.37 0.59 0.43 11 2.4 14 11
4 1.0 0.13 0.12 0.99 2.5 4.8 1.2 3.8
5 Ti 5.0 0.12 r.t. 0.37 0.70 2.6 3.0 53 3.5
6 10 0.12 0.31 0.35 3.2 1.2 8.9 3.5

Polymerization conditions: toluene = 30 mL, ethylene = 1 atm, time = 15 min
9 Determined by high temperature GPC and converted in terms of polyethylene using the calibration coefficient
obtained from polyethylene standards. ® Activity(A) = kg-polymer/mol-Metal /h © Numbers of polymer chains

(N) were calculated from yields and M.
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BFERY =F L 7 L R%& one-pot &k I HEZR
g DRGSR hybrid filfiE o> B 5%

B0y &

sy ObIEL &2 D

BEEFLHVE L KAHPDOTE

(B ER) Opk M BHE, Hhthi, PR, KR, B8

=

il

1. &

—fRIZAR Y =F L (LR PE) O FEDARDIEK
RN Y = —EHA D3I OB T RN T4\ E S
5o, LU, H—sE Al CHliEmIHE7: PE O

FHIRA® D

L e R T '7ﬁ;mm
V. BYALRGAE /™
T
yardg b e
T mont) ZHH & :éz,--\m
e Lery L -
— S |
e hAT T X Fig. 1 hybrid it DR

721 AAFFETIE, ERALEE L 7= mont DfEMA T4 %
Ni* (25 L%, JBRIC a-diimine BH&EFF> (LT
DAAN) Bifii %A > % —Hh L— kL, BEEmIIC (n-
BuCp).ZrCl: (BLF BCZ) $&{K % HH£F X 7= hybrid
filt it 2 R L=, K7/ PE 24T D
DAAN/Ni $8K & | &5y 18 PE 245§ % BCZ 6
KIZL > T, WAV FESMEHT 5 PE 7 L
> K (BLF PEB) OAERKZ AT,
2. R
+ hybrid fiftf o F 5
Ni® “-BE24LEE mont (Ni® =214 pmol g-mont ') |2,
DAANEUZLFDRE T H 78T 770 % ) b 2-
CF: 7=V @ CH:CN ¥#ii % 90 CT 24 h #fi
Wi, FDO% CH:CN, by p-~FH 2L
Yo, WOEEE (EiE4h) 2R CEMEEL
DAAN/Ni* ' -F4LFE mont (UL DAAN/Sup.) filiit
R, feCL PR L2 B RE e Lt A TIBA

(14 mmol g-mont ') THLELL | /L= THEFE.
BCZ/ b V= VYRR B Bl S FEEE RV TG
F%Z & T hybrid filifl:0 LT 25 Y —E I,
3. RB LB

Uit (Entries 1~3) & hybrid fil#i (Entries4,5) @
TF L HEAR A Table 1 (2, 4R PE 0 DSC JliE

Table ] =F L v HEAER

Am ountof Am ountof

Enty*  Catast BCZ  DAAN Ligand 0% /r%
/mmolgmont' /molgmont’ cat-base

1 BCZ/Sup. 100 0 357 135.5

2 DAAN Sup. 0 300 75 130.9

3 DAAN ASup. 0 400 170 130.7

4 BCZ-DAANAup. 100 300 114 133.3

5 BCZ-DAANAup. 100 400 261 132.0

AReaction conditions : Solvent 50 mL n-hexane, Ethylene pressure 0.7 MPa,
Reaction time 1 h, Reaction temp. 50 °C, Activator and Scavenger TIBA 1.0
mmol, Cat. loading 4 mg. PActivity : g-PE g-cat™* h™'.

130.9°C 135.5°C

l

Entry 1 : :
Lo
1
(N
Entry 2 : !
v /i (d) Entry 5
3 : : 5 dgo1 =1.42 nm
© ]
~| Entry 3 B s
z i /1 2] (c) Entry 3
= | : g dgo1 = 1.42 nm
© 2
2 Entry 4 N £ : (b) Support
[ 1 | (no DAAN Ligand)|

dgor = 1.36 nm
Entry 5 !
(a) Support

| weag 001 =1.19 Nm

]

100 110 120 130 140 150 4 6 8 10 12 14
Temp. | °C 20/ degree

Fig. 2DSC 71— Fig. 3 XRD {7 #& 5

FER% Fig. 2 \ "9, Fig 2 ICEHT 25 &, Blfilitto
T, 3TN 1355 C (Entry 1), 1309 °C (Entry 2)
T o7, xF LT, hybrid itfflZ KX 5 PE DT, 13216
OEDEZER -T2 & 225, 2 FEO PE IZHKT S
PEB DARN TSIz, £7-. Entryd— 5 ~DAAN
BN OB A N S5 Z & T, DSC B —7 DMK
AN S 7 N Lo 2 &b BN f- it D285 &
% PEB OFALOHIE S FIREL B R B D,

F7-. Fig. 3 1T L O (001) 281 L7z
Bk X BIErOERCH D, IR Ni*-FRALEE mont

(a) 1%, CH:CN LIz L (b)), HAEERIC
DAAN Bl -5 > 2 —H L— b5 Z & CE M
2023nm LK L7z (), D%, BCZ $EKZ R L7-
hybrid filiE CILEEFIFROIERB O e® (d) |
BCZ ST IR S 7z Il L7z,

D ROINER, BODREK, TREH, HRCE, B
11, 25 49 [HaH - A b2 AR (1F03).
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RTL— KRS 4EFFA LTIz MgO F / #iFHX Ziegler-Natta fii%
DR LTy TEREEBENFERIIFLUEH~DOFIA

WiFE EH0A

P Y] it LLlbE

(JAIST") Ol 1", full & ", FyIv s vy Ay Fy=—", A B

1. &

FYVAL 74 vERICAELHL 2R —FK
Ziegler-Natta filtlft (ZNC) &, >/ A — bt rF—X
— DFEARRERCHAL (I — K1) DBEED» D 5
~AF LA RS IEh AR T IEREE L B, C
DEHIAE LG IR T ) ~ — LIl o fi A U
THUEPERE L BBl b o T3 EEZ LT W
3, L2l BETZRTH 2RMERHEZED X 5 2
TR & AL 25 R I Ef T3 F v & v Iy
RHEE TR, KK T OKRE X LHILABSEOHE
MO NT A — 2 —Z I CHIHT 2 2 & 13N
#Cod o7, LHTHE 4 13, MgO 7/ ki t-% TiCly ©
WS 2 ickh), NEBHEEL2 R4k w
MgO/MgCl,/TiCly 2 7 & = Ao —Ycki ¥ ZNC %
W& L7721, AFEclichziisk L, MgO F /%
FEATL—F I 47EIC X o CERKR O EERICHK
L. %Dtk TiCl, CULELS 2 iRk 2 2R 4
%, MgO F /R & it — K& 3252 LT, =
subifOEEZR LT v ZHICEY BT 3 C
ERTEDL, At EES> TER) ZF LV
(UHMWPE) O&RICBWTa T v = AR—Jok
T ZNC XY dEeiEEsRmL, 72, BRRRoKY
~—NTEERL T,

2. KR

MgO F / fi ¥+ (MgO NP, d=50nm) DO X %/
—ANZT ) —=hHATL—F T A EE Rk
. SD-1010) # FH v CERIRDEEEMR (S-MgO) %
872, S-Mg0O 0.5 g % 30 mL ® TiCl, 2 s, 136
°C TiEIitd 5 2 & Tt 257 widEElcH 2 =
7 vz ARk 7 ZNC (PA-Cat50) !, HEEERS
1E@ BT MgO NP % S 4 (polyoxyethylene

alkylamine) Tl L 72 4. Rk D Stk it 3 2
T & Tz, R L 7 il % v < UHMWPE % &
B L 7= (AI(C:Hs); = 5 mmol, heptane = 500 mL,
0.7 MPa, 70°C. 2h),

3. MR EFH

ATV —=FI7 4% FAT 2 EIcL b, Rk
~suhiTEBL LB TER, G+ 2 MgO =
7Y —DREEZRELS 4-160gL"Y) T5icoh, ~
7 a kT OERFITHRICHEALZ (d=3.7t0 4.7
pm), UHMWPE &k cid, filfifk L 72 S-MgO 1
PA-Cat50 ICH_TH) 1.6~2.2 {5 DG %R L 72,
27 —=F 748X o THiERNEINZ-D,
Fil B P R & Bk A S B LG MR 2 A 3 5 B
PEL o720 TH 5, 72, PA-Cath0 THESH
NizRK) v —RTFRIAEBREEER L Ro7zDIC
AL, S-MgO TldEkiko~ 4 7 v ¥ (d= ca.50-
60 ym) %752 Z &3 T 7= (Figure 1), £ T
¥ o7z UHMWPE OEE DE W, v L F 27 L A
VREBE S IEREIC G 2 - L B0 THEmT B,

20.0kV X1. I
Figure 1. SEM image of UHMWPE obtained by a)
catalized S-MgO-160, b) PA-Cat50.

1) Chammingkwan, P.; Bando, Y.; Terano, M.;
Taniike, T., Front. Chem. 2018, 6, 524, 1-11.

Table 1. Characteristics of catalyst samples and polymerization results

Sample  Slurry conc.” quporjc Support b CgtalysF Activity Pollyme-r

name (@ L) part(lfllli)sme pozenxliolgl_llr;le part(lfli;)mze (t-PE mol-Ti"! b)) part(lfli;)mze
S-MgO-4 4 3.7 0.51 4.5 39 £1 51 £2
S-MgO-40 40 4.1 0.69 4.4 32 £3 53 £3
S-Mg0O-80 80 4.3 0.70 4.8 45 £1 59 2
S-MgO-160 160 4.7 0.69 4.8 40 £3 52 2
MgO NP - 0.05 - 0.07 20 -

a) S-Cat-XX; XX indicates the slurry concentration fed to the spray dryer.
b) Determined by mercury intrusion porosimetry.
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Improving mechanical properties of graft-type
nanocomposites using silane modified SiO: and
reactive polypropylene prepared by a Ziegler-Natta

catalyst

(JAIST", Kojima Ind. Corp.™) oDongzhi Zhu", Eiji Kurahashi**, Toru
Wada", Patchanee Chammingkwan", Toshiaki Taniike"

1. Introduction

Polypropylene (PP), one of the most
representable commodity plastics, has been widely
employed with a range of nanofillers to endow
various functionalities. The main challenge in
creating PP-based nanocomposites is to overcome
the chemical inertness of PP, which leads to poor
compatibility and weak interfacial bonding. In a
previous study, we copolymerized propylene with
octenyltrimethoxysilane (OTMS) to afford PP-
OTMS having less than one methoxy group (-OMe)
per polymer chain [1]. By melt mixing, PP-OTMS
in-situ grafts onto silica nanoparticles (Si0O,) through
reaction between -OMe and Si-OH, leading to
improved dispersion and reinforcement. It is
generally known that neat nanoparticles cannot
avoid agglomeration during melt mixing. As the
reaction between -OMe and Si-OH competes with the
reaction with -OMe, the graft reaction becomes
inefficient. In this study, SiO, was modified with
silane coupling agents for better dispersion in order
to achieve PP-OTMS/SiO, nanocomposites with
further improved mechanical properties.
2. Experimental section
Trichlorohexylsilane, trichlorododecylsilane,
and trichlorohexadecylsilane (donated as C6, C12,
and C16) were used to modify SiO, as coupling
agents. The amount of coupling agents was
optimized not to consume all the Si-OH. PP-OTMS
was synthesized by copolymerization of propylene
with OTMS using a Ziegler-Natta catalyst having a
diether as internal donor [1]. PP nanocomposites
were prepared by melt mixing 3.6 g PP-OTMS with

5 wt% SiO; in Micro Compounder MC5 (Xplore).

3. Results and discussion

The tensile test results are shown in Table 1.
Compared to HomoPP, the presence of -OMe (PP-
OTMS) enhanced the mechanical properties due to
the formation of cross-linkage through the reaction
among -OMe groups. The SiO addition slightly
deteriorated the yield strength of HomoPP, but PP-
OTMS/Si0, exhibited better Young’s modulus and
yield strength, which can be associated to better
dispersion of SiO, and stronger interfacial
connection due to in-situ grafting. The surface
modification of SiO, further enhanced both the yield
strength and Young’s modulus. It was consider that
the surface modification improved the initial
dispersion of SiO,, facilitating the grafting reaction
between -OMe and remaining Si-OH, especially for

longer alkyl groups.

Table 1. Tensile properties.

Sample Yield Young’s
strength modulus
(MPa) (MPa)
HomoPP 32.0+3.6 585+18
HomoPP/SiO; 29.7+£0.4 617 +46
PP-OTMS 345+1.0 61640
PP-OTMS/SiO, 36.0+1.0 641 +40
PP-OTMS/C6-SiO; 36.8+£0.6 646 + 85
PP-OTMS/C12-SiO, 37.6+ 1.0 652 +41
PP-OTMS/C16-SiO, 379+1.1 666 + 82
Reference
[1] E. Kurahashi, T. Wada, T. Nagai, P.

Chammingkwan, M. Terano, T. Taniike, Polymer,
2018, 158, 46-52.
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N=TFE/ RV IFLUE
KEBEER a A LIV EDRESR

(#kBEEl) OB 7w - Suphitchaya  Kitphaitun - BFRf  BE/A

I

1. & AA LOEESTHE, = FLUEE TP TLER
EEREZ AT LRI A L7 4 ik, Rk OELIXIZFFER DN -T2, BRTITFERDOE

PR AN SITEN D mEREM R E L CIER & MEHRETETH D,

LOTWDD, HiEHERE R OWMEFIIAD T

D, TOLOERGIEIMHELPTLERE L O Table 1. Ethylene (E) copolymerization with 9-decen-

FRAEAERIC LD —RIEEEZ R L, K28R 1-ol (DC-OH), 5-hexen-1-ol (HX-OH), 3-buten-1-ol

V~—%525, %05 CiEl - AR L 72 JE4E (BT-OH), allyl alcohol (AA) by Cp*TiCly(O-2,6-Pr»-

BWRON—TF & ) il 6 FEITEEER 1 23 9-  4-SiEt3-CeH2)-MAO catalyst.”

7 v-1-A =/ (DC-OH)R 5-~F & v -1-F4— /b cat. comonomer E activity® Mnd Mw OH® Tml
(HX-OH) & D= F L v L E LT E T Ti%’i’/T L, & (umol) (M)P [ atm x10* /My? / mol% / °C
e 1(0.01)DC-OH (0.19) 6 320000 185 220 2.6 935
AS 31 — = A -
DARARY v =2 525 C \éf%i&” Lo 7o AR 1(0.01)DC-OH (0.38) 6 96000 12.7 2.15 3.8 80.2
KCEHEZF LU EAFLVHEDRER DI T Vv 1(0.05)DC-OH (0.47) 6 64600 insoluble 5.9 68.0
A=V EORBES AR L, EHELaE ) v — 1885; DC'gH 878 g ggggg Zinsg'uzbge 9.3 “0
N 1 (0.01) HX-OH (0.1 1 1.8 285 11 11
b — D B2k = -
FHARA~DE ) ~—DEEL R L7Z (Scheme 1), 1(0.01)HX-OH (0.28) 6 68500 17.9 2.62 2.2 107
1(0.05)HX-OH (0.57) 6 39300 10.9 2.70 5.9 88.1
1(0.05)BT-OH (0.19) 6 26200 insoluble 0.4 125
|)1 -MAO 1 (0.05) BT-OH (0.47) 6 25400 543 3.2 0.6 120
>) Ttoluene, MAO, ARy 1(0.05)BT-OH (0.57) 6 24300 31.3 49 0.6 120
2-6 atm n 50 °C HO " 1(0.05)BT-OH (0.66) 6 15000 23.1 4.7 0.7 119
pretreated ii) HCI/MeOH 1(0.1) BT-OH (0.76) 2 9120 3.2 220 3.7 937
with A'Bu, cat. 1(0.1) AA(0.19) 6 10100 insoluble 0.3 134
1(0.3) AA(047) 6 3510 63.7 2.64 -- 131
7\ /\ = T, 1(0.3) AA(057) 6 3440 58.0 39 -- 131
o~ \”CI 1(2.0) AA(0.76) 2 390 5.93 1.67 0.6 127
HO (s ”7 O 1(0.5) AA(0.76) 6 1800 188 7.6 -- 130
AA  OH OH — :
@ “Conditions: a-olefin-OH and toluene total 30 mL, MAO 3.0
BT-OH HX-OH DC-OH mmol, 50 °C, 10 min, AliBus (1 equiv of OH). bInitial

concentration in mmol/mL. ¢Activity in kg-polymer/mol-Ti-h.
dGPC data in o-dichlorobenzene vs PS stds. ®Estimated by 'H
NMR spectra. /By DSC thermograms.

Scheme 1

2. EBR
EHBERERERLF. /0—7 Ry 2 2N Reforemces
TIToTe, N—T7F X ) BUEEKIIBERICE D & 1 J. Imuta, N. Kashiwa, J. Am. Chem. Soc. 2002, 124,
R U7z, EEA IR, A (b UKD . I 1176.
ROAFATLI 2 %H (d-MAO, Y — « 7 2 a) H. Hagihara, M. Murata, T. Uozumi, Macromol.

. g e Rapid Commun. 2001, 22, 353. b) H. Hagihara, K.
7 A A TMAO &V ALETE) f7(E T 17~ Tsuchihara, J. Sugiyama, K. Takeuchi, T. Shiono,

7eo #3HATZAR Y ~—I% GPC, DSC, NMR % £ fifl Macromolecules 2004, 37, 5145.
HEZIT- 7, 3 H. Terao, S. Ishii, M. Mitani, H. Tanaka, T. Fujita, J.
Am. Chem. Soc. 2008, 130, 17636.

3. MR LIUOEE 4 X. H. Yang, C. R. Liu, C. Wang, X. L. Sun[,qY. H.
S A B % Table 1 1% & 7. = Guo, X. K. Wang, Z. Wang, Z. Xie, Y. Tang, Angew.
IHE G ORRO —F % Table 1 (2 o Chem. Int. Ed. 2009, 48, 8099.

F 1L v & DC-OH X° HX-OH ¢ 0IEA TIE. &5 5 J. Chen, A. Motta, B. Wang, Y. Gao, T. J. Marks,

BERY~—0OLKARET,. SEOEIMIEVEY Angew. Chem. Int. Ed. 2019, 58, 7030.

N - A 6 a) K. Nomura, Dalton Trans. 2009, 8811 (2009). b) K.

~— O (Tw) MET LA, —J, 6 JETFT Nomura, J. Liu, Dalton Trans. 2011, 40, 7666.

® BT-OH L oiLtEES TIT., &M, M, METT 5 7 S. Kitphaitun, Q. Yan, K. Nomura, Angew. Chem. Int. Ed.
LOD T O EITFER AR b DD, 2020, 59, 23072.

Ko F LU ETTIEEEN M E L, ZhidiE#i

EHLER E ORVHAAEH OFEEZRRT 5,

Copyright(C) The Japan Petroleum Institute 2021 All rights reserved. 1F16 -



