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initiators.
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Scheme 2  Structures of various initiators.
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Table 1 Cationic polymerization of STO initiated by different benzyl chlorides.

Entry Initiator Conv. (%) ko (71 wope* (g/mol) M, ., © (g/mol) Loy © D
1 - 8 - 12840 - - 1.26
2 I 15 - 9060 970 0.11 1.17
3 I 6 - 12560 520 0.04 1.18
4 I 43 0.28 5560 2380 0.43 1.18
5 v 24 0.13 8680 1420 0.16 1.19
6 v 22 0.12 8190 1320 0.16 1.21
7 VI 52 0.37 4280 2830 0.66 1.17
8 VII 82 0.94 4250 4330 1.02 1.14
9 VIII 82 0.86 4500 4350 0.97 1.25
10 IX 81 0.85 6100 4070 0.67 1.21

Conditions: [STO],=0.65 mol/L, [initiator],=0.02 mol/L, [n-Bu,NBr],;=0.04 mol/L, [SnCl,],=0.1 mol/L in CH,Cl, at =15 °C, =2 h.

[H,0]=2.1 mmol/L. * Measured by GPC; ® M, 4., =

M, (STO) x ([STO]/[initiator]y) x Conv. + M, (initiator); ©

Mn [thco.]/Mn'

Ly
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Fig. 1 (a) The conversion versus time curves for different
benzyl chlorides; (b) First-order kinetic curves; (c) GPC
curves of polymers with different benzyl chloride initiators.
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Fig. 2 (a) Conversion-M,-MWD curves of PSTO initiated by
VII; (b) GPC curves at different reaction time for PSTO
initiated by VII; (c) GPC curves with different dosages of VII.
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Fig. 3 (a) 'H-NMR spectra of PSTOs obtained by cationic polymerization using X ([X]=0.02 mol/L, polymerization time=1 h,
Conv.(%)=67%, D=1.16, M, pc=3090 g/mol, M, \\r=3180 g/mol); (b) Controlled polymerization (polymerization time=2 h,
M, Gpc=1.28x10* g/mol; M, \\r=1.26%10* g/mol), (c) using VII (polymerization time=0.33 h, M, Gpc=2400 g/mol, D =1.18,
M, \mr=2490 g/mol), (d) using VIII (polymerization time=0.33 h, M, 5pc=2680 g/mol, D=1.17, M, \\zg=2850 g/mol).

Table 2 Living cationic polymerization of other monomers.

Entry Mono. Initator [Initiator] (mmol/L)  Conv. (%) M, gpc (g/mol) M, heo. Lypp D
1 St - - 4 4950 - - 1.26
2 I 21 10 4520 1250 0.28 1.21
3 VII 21 82 4840 4480 0.93 1.22
4 VIII 21 86 4430 4720 1.07 1.24
5 IX 21 90 4480 4950 1.10 1.21
6 VII 10 53 4110 3550 0.86 1.22
7 VII 15 71 4090 3220 0.79 1.23
8 VII 25 77 3140 2710 0.86 1.26
9 pMSt VII 10 93 11150 7190 0.64 1.41
10 VII 15 93 8910 4870 0.55 1.46
11 VII 19 87 7860 3700 0.47 1.52
12 VII 26 94 7100 3040 0.43 1.50

Conditions: [H,0O]=2.8 mmol/L, the other conditions are the same as in Table 1.
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Fig. 4 (a) GPC curves of PS with different initators; (b)

GPC curves of PS obtained with different dosages of VII;

(c¢) GPC curves of PMSt with different dosages of VII.
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Fig. 7 Mulliken charge value distribution map of different initiators.

VIt MWD 1 5 4,
B

3 it

7 SnCl, £ 5| & 1 4- 2. Bk 5 3 2K 203 (STO)
R IR (SOR AR ZR N, 8 i 1 8 5 S HL
RILLE M, oL R & gl Kk . @it
GPC. 'H-NMR % MALDI-TOF MS #f 7T ilF 52 ,
ik F 2 BB SR (P R R 5 K71 2,4-30
(R 3E)-1,3,5- = HIEE 2R (VID A 3,6- — (G0 ) L
M (VIID B, 0] DLSEEL A I B I AT 4 5] K

AE P R A5 R B 1) 42 1)

RENGFRESMEE, HaTrEaENEEY.
{H 72 VIDFI VITDA B A4 58 G 1 45 v B0 %) Rk 2
LIF(pPMSO R B R BB 2, Bl R AR, 8
it Gaussian 16 344 [ Mulliken i fif 1150, H1F 5K
3 SR G| R ) AR A 45 A A0 I 5 kR )
VIGWe: BURESER 2 1R B 051 &0, HAR A
T S5 I A AT (BB KR, 51 R RE Bk . AR SO
FE R B 87 B X iy e = G 51 R R 22 1 AR E
GBS, AT MBI DCC T STO. St%1ik
EWIR OIERT AR AR A S TR E, L
BUATHET] A, il A R B REL IR G

REFERENCES

1 Aoshima, S.; Kanaoka, S. A renaissance in living cationic polymerization. Chem. Rev., 2009, 109(11), 5245-5287.

2 Tasdelen, M. A.; Kahveci, M. U.; Yagci, Y. Telechelic polymers by living and controlled/living polymerization methods.

Prog. Polym. Sci., 2011, 36(4), 455-567.

3 Kennedy, J. P.; Ivan, B. Designed Polymers by Carbocationic Macromolecular Engineering: theory and practice.

Munich: Hanser Publishers, 1992, p.128.

4 Wang, H. Y.; Zhang, F. Y.; Li, S. H.; Song, Z. Y.; Wang, Y.; Wu, Y. X. Highly efficient synthesis of random isobutylene/

alkenyl styrene copolymers with pendant vinyl groups via cationic polymerization for versatile functionalization. Polym.

Chem., 2025, 16(9), 1044-1056.

5 Fodor, Z.; Faust, R. The living cationic polymerization of a-methylstyrene with BCl; as coinitiator. J. Macromol. Sci.

Part 4, 1998, 35(2), 375-394.



10 [T M S

6  Mishra, M. K.; Chen, C. C.; Kennedy, J. P. Living carbocationic polymerization: XXXII. Living polymerization of
isobutylene by tertiary alcohol/boron trichloride systems. Polym. Bull., 1989, 22(5-6), 455-462.

7 Banerjee, S.; Paira, T. K.; Kotal, A.; Mandal, T. K. Room temperature living cationic polymerization of styrene with HX-
styrenic monomer adduct/FeCl; systems in the presence of tetrabutylammonium halide and tetraalkylphosphonium
bromide salts. Polymer, 2010, 51(6), 1258-1269.

8 Ishihama, Y.; Sawamoto, M.; Higashimura, T. Living cationic polymerization of styrene by the 1-phenylethyl chloride/
tin tetrachloride initiating system in the presence of tetra-n-butylammonium chloride. Polym. Bull., 1990, 24(2),
201-206.

9 Satoh, K.; Nakashima, J.; Kamigaito, M.; Sawamoto, M. Novel BF;0Et,/R—OH initiating system for controlled cationic
polymerization of styrene in the presence of water. Macromolecules, 2001, 34(3), 396-401.

10 Kaszas, G.; Puskas, J. E.; Kennedy, J. P.; Hager, W. G. Polyisobutylene-containing block polymers by sequential monomer
addition. 1. The living carbocationic polymerization of styrene. J. Polym. Sci. A Polym. Chem., 1991, 29(3), 421-426.

11 Shinke, Y.; Yamamoto, H.; Kanazawa, A.; Kanaoka, S.; Aoshima, S. Precision synthesis of graft copolymers via living
cationic polymerization of p-acetoxystyrene followed by Friedel-Crafts-type termination reaction. J. Polym. Sci. Part A
Polym. Chem., 2013, 51(21), 4675-4683.

12 Wen, S.; Liu, Q.; Liang, W. T. Synthesis of benzyl chlorine-free poly(4-acetoxystyrene) via cationic polymerization
followed by Friedel-Crafts alkylation. Polym. Adv. Technolog., 2021, 32(8), 2908-2915.

13 Wen, S.; Liu, Q. Synthesis of branched and benzyl chlorine-free poly(4-acetoxystyrene) via living polymerization
followed by Friedel-Crafts alkylation. Polym. Bull., 2023, 80(7), 8031-8043.

14  Storey, R. F.; Chisholm, B. J. Aspects of the synthesis of poly(styrene-b-isobutylene-b-styrene) block copolymers using
living carbocationic polymerization. Macromolecules, 1993, 26(25), 6727-6733.

15 Kang, J.; Erdodi, G.; Kennedy, J. P. Polyisobutylene-based polyurethanes with unprecedented properties and how they
came about. J. Polym. Sci. A Polym. Chem., 2011, 49(18), 3891-3904.

16 Wang, B.; Mishra, M. K.; Kennedy, J. P. Living carbocationic polymerization: XII. Telechelic polyisobutylenes by a
sterically hindered bifunctional initiator. Polym. Bull., 1987, 17(3), 205-211.

17  Nugay, T.; Keszler, B. L.; Deodhar, T.; Nugay, N.; Kennedy, J. P. Low cost bifunctional initiators for bidirectional living
cationic polymerization of olefins. I. isobutylene. J. Polym. Sci. Part A Polym. Chem., 2017, 55(22), 3716-3724.

18  Nugay, N.; Nugay, T.; Deodhar, T.; Keszler, B. L.; Kennedy, J. P. Low cost bifunctional initiators for bidirectional living
cationic polymerization of olefins. II. Hyperbranched styrene-isobutylene-styrene triblocks with superior combination of
properties. J. Polym. Sci. Part A Polym. Chem., 2018, 56(7), 705-713.

19 Nugay, T.; Deodhar, T.; Nugay, N.; Kennedy, J. P. Low-cost bifunctional initiators for bidirectional living cationic
polymerization of olefins. III. Centrally functionalized polyisobutylenes. J. Polym. Sci. Part A Polym. Chem., 2018, 56(11),
1140-1145.

20 Zhu, Y.; Wen, S.; Li, H.; Zhuang, T.; Li, L.; Liu, Q.; Yan, S. K. Synthesis of allyl telechelic poly(4-acetoxystyrene) via
living cationic polymerization and electrophilic substitution of allyltrimethylsilane. Chinese J. Polym. Sci., 2025, 43(6),
1043-1049.

21  Nuyken, O.; Sanchez, J. R.; Voit, B. Synthesis of amphiphilic graft copolymers by ring-opening polymerization of
2-methyl-2-oxazoline initiated by poly[isobutene-co-(p, m-chloromethylstyrene)] macroinitiators. Macromol. Rapid
Commun., 1997, 18(2), 125-131.

22 BBk, KSR, SO, ARET L, HERE . BTSN R EROMIEE TIHESVR . & o T F IR, 2020, 51(4),
355-365.

23 Yang, K.; Liu, Q.; Wen, S.; Zhuang, T. Synthesis of branched polyisobutylenes via cationic copolymerization of

p-chloromethylstyrene and isobutylene. J. Polym. Sci., 2021, 59(13), 1424-1433.



TRTREE: 2 FEUCOCRIE ST AR O AT e T A 11

24 Held, D.; Ivan, B.; Miiller, A. H. E. Kinetic treatment of slow initiation in living carbocationic polymerization and
investigation of benzyl halides as initiators for the polymerization of isobutylene. Macromolecules, 1998, 31(21), 7199~
7202.

25 Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.;
Petersson, G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.; Janesko, B. G.; Gomperts, R.;
Mennucci, B.; Hratchian, H. P.; Ortiz, J. V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.; Lipparini,
F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.;
Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y;
Kitao, O.; Nakai, H.; Vreven, T.; Throssell, K.; Montgomery, J. A.; Peralta, Jr., J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd,
J. 1.; Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A. P;; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J. Gaussian 16, Revision C. 01;
Gaussian, Inc., Wallingford CT, 2019.

Controlled Cationic Polymerization of Styrene and Its Derivatives Initiated
by Polymethyl-substituted Dibenzyl Chloride

Zi-lin Xu'?, Yu Zhu'?, Yi-meng Liu!, Xing-long Zhang'?, Bo-yu Xu', Hui Li',
Lu Li%*, Qiang Liu'*,[Shou-ke Yan|'*
(!Key Laboratory of Rubber-Plastics of Ministry of Education,
2College of Chemical Engineering, Qingdao University of Science & Technology, Qingdao 266042)

Abstract The synthesis of bimodal functionalized polymers via cationic polymerization typically requires
bimodal initiators such as p-dichlorobenzyl chloride (DCC), which are expensive, chemically unstable, and
require low-temperature storage. Benzyl chloride can initiate cationic polymerization, but its initiation efficiency
is generally low. In this study, the effect of the substituent structure of benzyl chloride on its apparent initiation
efficiency (/,,,) was systematically investigated within the SnCl, co-initiated 4-acetoxybenzene (STO) polymerization
system. Experimental results demonstrated that the substituent of benzyl chloride determined its initiation efficiency,
with higher methylation on the benzene ring leading to greater efficiency. When using bimethylbenzyl chloride
initiators with multiple methyl substituents, such as 2,4-bis(methyl)chloro-1,3,5-trimethylbenzene (VII) and 3,6-
bis(methyl)chlorodiene (VIII), controllable initiation (/,,,~1) was achieved, resulting in a narrow molecular
weight distribution (MWD, D=1.14-1.25). By adjusting the dosage of the bimethylbenzyl chloride initiator, the
molecular weight (M) of the polymer could be effectively controlled. Further studies revealed that VII and VIII
could also achieve controllable initiation of the low-reactivity monomer styrene (St), synthesizing polystyrene
with a narrow molecular weight distribution (P=1.22-1.24). However, p-methylstyrene (pMSt), which exhibited
high monomer polymerization activity, demonstrated relatively low initiation efficiency. Mulliken charge
calculations performed with Gaussian 16 software further confirmed that the negative charge value of benzyl
carbon atoms in benzyl chloride initiators was closely correlated with their initiation capability. The novel
bifunctional benzyl chloride initiator developed in this study exhibited stable chemical properties and could
effectively replace DCC for the active cationic polymerization of low-reactivity styrene derivatives, such as STO
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Shou-ke Yan, E-mail: skyan@qust.edu.cn
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and St, enabling the preparation of bifunctional polymers with broad application potential.
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