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1 SRR I], TRAEEEI HOL 11208250 o AR AR TRER41], URFE I 21285210
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GRS BEAFE, REER, RN R, AR, L HRER)

AFHERFE:

2010-2011-1  flksE>] AR 91 +2
2011-2012-1 o FH2Esess AFRE 105 0.0-4.0
2013-2014-1 o FA2ELs ARE 91 0.0-4.0
2013-2014-1 SEIG=Z4 ARE 89 +1
2014-2015-1 o FH2Eses ARE 94 0.0-4.0
2014-2015-1 SEIG=Ze4 ARE 93 +1
2015-2016-1 SEIG=Z4 ARE 96 +1

20145 0 ARVESHLIIRIE AR 2

2015 0 ARVES P IRIE AR 1

WF AR AR -

2010-201 14k =& E s WEFCE 16221
2011-2012%k =&ML BERA 1650
2013-2014%k  =SEMEAL T ERAE 16241}
2014-2015%k E itk WERE 16240
2013-2014%k SEIREZAE BAAE S 165
2014-2015%k sEIo =24 WEFE 1624
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1. Yang Li, Jiali Hong, Renjian Wei, Yingying Zhang, Zaizai Tong, Xinghong Zhang*, Binyang
Du, Junting Xu, Zhiqiang Fan, Highly efficient one-pot/one-step synthesis of multiblock

copolymers from three-component polymerization of carbon dioxide, epoxide and lactone.
Chemical Science, 2015, 6(2), 1530-1536, SCI, IF = 9.211f5] 17k,

2. Xinghong Zhang*, Renjian Wei, Yingying Zhang, Binyang Du, Zhigiang Fan, Carbon
Dioxide/Epoxide Copolymerization via a Nanosized Zinc—Cobalt(III) Double Metal Cyanide
Complex: Substituent Effects of Epoxides on Polycarbonate Selectivity, Regioselectivity and
Glass Transition Temperatures. Macromolecules, 2015, 48(3), 536-544, SCI, IF = 5.800, 5[0
o

3.Yuqin Min, Shuyun Huang, Yuxiang Wang, Zhijun Zhang, Binyang Du, Xinghong Zhang*,
Zhiqgiang Fan. Sonochemical Transformation of Epoxy—Amine Thermoset into Soluble and
Reusable Polymers. Macromolecules, 2015, 48(2), 316-322, SCI, IF = 5.800, fih5/0¥X.

4. Ming Luo, Xinghong Zhang*, Darensbourg, D. J.*, An Investigation of the Pathways for
Oxygen/Sulfur Scramblings during the Copolymerization of Carbon Disulfide and Oxetane.
Macromolecules, 2015, 48(16), 5526-5532, SCI, IF = 5.800, 510k, CHfi KAL)

5. Ming Luo, Xinghong Zhang*, Darensbourg, D. J.*, An Examination of the Steric and
Electronic Effects in the Copolymerization of Carbonyl Sulfide and Styrene Oxide.
Macromolecules, 2015, 48(16), 6057-6062, SCL, IF = 5.800, 510k, G K& —H#f1)

6. Renjian Wei, Xinghong Zhang*, Binyang Du, XueKe Sun, Zhiqgiang Fan, Guorong Qi, Highly
Regioselective and Alternating Copolymerization of Racemic Styrene Oxide and Carbon Dioxide

via Heterogeneous Double Metal Cyanide Complex Catalyst, Macromolecules, 2013, 46(9),
3693-3697, SCI, IF = 5.800,ft 517X .

7. Ming Luo, Xinghong Zhang*, Bingyang Du, Qi Wang, Zhiqiang Fan, Regioselective and
Alternating Copolymerization of Carbonyl Sulfide with Racemic Propylene Oxide.
Macromolecules, 2013, 46(15), 5899-5904, SCI, IF = 5.800,1th 5[ 21X .

8. JiangFeng Zhang, Weimin Ren, Xueke Sun, Yuan Meng, Binyang Du, Xinghong Zhang,* Fully
Degradable and Well-Defined Brush Copolymers from Combination of Living CO2/Epoxide
Copolymerization, Thiol-Ene Click Reaction and ROP of e-caprolactone. Macromolecules, 2011,
44(24), 9882-9886, SCI, IF = 5.800,fth 5] 157K .

9. Ming Luo, Xinghong Zhang,* Binyang Du, Qi Wang, Zhiqiang Fan, Well-defined high
refractive index poly(monothiocarbonate) with tunable Abbe's numbers and glass-transition
temperatures via terpolymerization. Polymer Chemistry, 2015, 6(27), 4978-4983, SCI, IF =
5.520,f 510K .




10. Yingying Zhang, Yang Li, Xianjing Zhou, Xinghong Zhang*, Binyang Du, Zhigiang Fan,
Synthesis of an Amphiphilic Brush Copolymer by a Highly Efficient “Grafting onto” Approach
via CO2 Chemistry. Macromolecular Rapid Communications, 2015, 36(9), 852-857, SCI, IF =
4.941 451 04K

11. Xinghong Zhang*, Renjian Wei, Xueke Sun, Jiangfeng Zhang, Binyang Du, Zhiqgiang Fan,
Guorong Qi, Selective copolymerization of carbon dioxide with propylene oxide catalyzed by a
nanolamellar double metal cyanide complex catalyst at low polymerization temperatures,
Polymer, 2011, 52(24), 5494-5502, SCI, IF = 3.562, fth5/10{X.

12. Xueke Sun, Xinghong Zhang*, Shang Chen, Binyang Du, Qi Wang, Zhiqiang Fan, Guorong
Qi, One-pot terpolymerization of CO2, cyclohexene oxide and maleic anhydride using a highly
active heterogeneous double metal cyanide complex catalyst, Polymer, 2010, 51(24), 5719-5725,
SCL IF = 3.562, fil. 518K

13. Xueke Sun, Xinghong Zhang*, Renjian Wei,Binyang Du, Qi Wang, Zhigiang Fan, Guorong
Qi. Mechanistic insight into initiation and chain transfer reaction of CO2/cyclohexene oxide
copolymerization catalyzed by zinc-cobalt double metal cyanide complex catalysts. Journal of
Polymer Science Part A: Polymer Chemistry, 2012, 50, 2924-2934, SCI, IF = 3.113 451 9%,

14. Yuan Meng, Xinghong Zhang*, Binyang Du, Boxuan Zhou, Xin Zhou, Guorong Qi.
Thermosets with core—shell nanodomain by incorporation of core crosslinked star polymer into
epoxy resin. Polymer, 2011, 52, 391-399, SCI, IF = 3.562, 5] 18{K.

15. Renjian Wei, Xinghong Zhang*, Binyang Du, Zhiqiang Fan, Guorong Qi. Synthesis of bis
(cyclic carbonate) and propylene carbonate via a one-pot coupling reaction of COz, bisepoxide and
propylene oxide. RSC Advances, 2013, 3, 17307-17313, SCI, IF = 3.84, ff15]6{X.
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1, Yuan Meng, Xinghong Zhang*. Nanostructure Formation in Thermoset/Block Copolymer and
Thermoset/Hyperbranched Polymer Blends (pages 161-194, Chapter 6 of book: Nanostructured
Polymer Blends, edited by Sabu Thomas, Robert Shanks et al), Elsevier Inc, 2013-12, ISBN(ASIN):
1455731595, 4H64: 978-1-4557-3159-6, William Andrew publishing(H iiit); M4544: Micro &

Nano Technologies

2, Yuan Meng, Xinghong Zhang*. Nanostructured epoxy composites (Chapter 3 of book: Micro and
Nanostructured Epoxy/Rubber Blends), Wiley-VCH Verlag GmbH, 2014-02. ISBN(ASIN)
35273333475 J¢09: 978-3-527-33334-9, Germany.
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9. &)@ F AL Wy Bc AL M b ) R AL ) 2% IR DT R R B R s 1) 7 v, R ER, AL,
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10. —Fh& )@ AL AL AL M Ho b 26 AN T, KEF], 8L, 201010253936.7,
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1. &KFAEPolymer 1118 3 {Selective copolymerization of carbon dioxide with propylene oxide
catalyzed by a nanolamellar double metal cyanide complex catalyst at low polymerization
temperatures) (2011, 52(24), 5494-5502) 1320124 & 10 Hr il 418 3 FE 4 2% (ELSEVIER
D .

2. 20145 (HGiR) 28E,  CIERSUREREL G MR EBR MW T) fE<rh ERR AT I E
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B S P RE e Sra  S R MR W E P/ SR8 S RN A O AN
[ Br B T Macromolecules, Polym Chem, J Polym Sci Polym Chem, Polymer, Applied Catalysis
A, Chemsubchem, Chem Comm, RSC adv, Dalton TransHl1 & 73 7 FIR T HfE, F£1530-40

T o
PREEAR 2 BT T Sk 3R B N 22 AR 2 B Sk i 67
He.

1) 2007-2012% AR A HE FAT;

2) 201280 A 2 s

3) 1B SEIHTIT A 2ASRTPI H AL A KA AR G RIS AR AT H .

4) (FE TSR HEENE; 2N RS E s T A AREERTE (25D .
5) ST RARAE AW 2 HEE A4

6) Er TREAFT TR (201548) , B HFITE.

BHCIHE FW SRR, SHM CE (eEsrTadk) Bl Hrhh.

PO, HIE AT ZEARESL Tk QU fl R AN (H B0 2 250 B L (AN#IE300075)

HIE ANIF AT R ST R G . R EEF THEMCIEZE(CO.. COSTICS) 5HEN
VIR T . -SSR BNEEMFERDMCC) N R, REHA T DMCCHi £ & F
HEALCIEAA SIS TR B, K T A RIS COLEIL R NI A BUs 7%, R
HrEEHIDMCCHUN — M B 2N F /T B COIL R ML T . E K BRI AR & T TR E
R RAE (Gar FlIRY) (2014, 12, 17-22) ERFWCE (FoTRZEM LA EEZHFT
i SR t, 4B T AN LR — B AR R A SR  T S BB R . A DAL
gt B AR E S AT

—. RB T E T Zn-OHIL I HEA CO SR AW/ B MG LR K DMCC
AL

FHIDMCC2 ¥4 A J7t (PO) 4 B 1 i A fe AL 7], FH HAR AL CO M B IL IR AR &
B A E50%, FREI P8 Rk 20wt% A o DLSGE i 1 A7 25 088 T bl 26 AR ke 1 i L
MHEALCOMIBE S N ZBE LT, Wit T AU IR BTk i AR 175 5 ) B vk i 45 B 5 I DMICC 1 1L
Al HHREZ: 1) TEHEAL AU 5 B BRIAL T — A Zn-OH%E, XELLIT AR ResE
RG2S S COMI TR IR BT W XU 7 5 2540 o 6T b 8 4 o) B T 9 % ) /K 25 I 145 R 1)
FERE N B AEZn—OHEE 1) e B IE IR . 2) PR -FLERIR-FLEM, REET T B AE
ANHIEBRL, B E N T EL R TE AR AR #E Zn—OHEE B H o HE A RIE 9K A IRDMCCHEAL T,
PAZK VRIS, 2 SFKANEUR, EER A > 500 m%g, AR, mligfbmiAde. i
TP FE40-50 °CHEM.CO/POFLEE, MW Z B [E 18 74% . NSEILCO/PORAL LA, BT
R PSR FIPOFR N A s 20 1 95 52, T8 3 (7] 3R T Zn—OHA 2 51N H P LAk LA i A7
BEL I REA S, 98/ T POESEAE NI LR, HILEEIMXA G DMCC, B & i L CO2/PO
ERXBINE, BEES TEILREY. MR TR L R3S 1L E L F,
US8859452). T iIX—HiAR, HuTHMIAEERT =1 TR =4k .




TR R SRR A TR B F R 1w A E ) 5 CO 2 B R I RkIE R . L
HAW TR0 E N 5 COIL RN H R A Y, TAEZRALRE0 CALLFARRILE,
I 5 DAL IR o 28 T [TAR A A R0 2R i AR B FH BRSO I BE I A% PRI R R AL R
53, PPKDMCCIFIfEIL T CO s ERIF AN L BT, WHMICO 5E MK L)
(SOVZ B ILE .. HAER B REAEREETTIL, 1E40-60 °C F96 wit% 3L =12 SRR I -
T [FRE LS T SR FH (Salen)CofAs 2 U] 32 B A BIR IR =4 . 9KDMCCREME Ik 2 Pl A ik
CONE BT, 4L T B L AR IR B (Te) \—44 °C (CO/E | —IRIR i & B LR
Y, BRI R EAR T COFEIL RN F 110 °C [FFEIF B 5E(CHO)/COL B £ 41CO2
FILEY), PR, DMCCHEA TR PTFH SRfil £& A Y B R AL SR RN B R, BT A3 7= B i A3k
Wio [N T EBUREERIAL PR R BB FE T SN 8 X e 3 41 fe 2 Y B 22
B, FHOCLE Bk KAEPolymer 2011, 52, 391; JPS part A, 2012, 50, 2924F1Macromolecules,
2015, 48, 5365 4 & I

BHEE:

1) B YK RE N A TIORE BATE AL U S R A BRI S Ak 1
eI s, RPAIESMBEACIREERAL RGBT B . Hil % 4 5 € fIDMCCRE 7~
Zn—OHAT i K HAEALHLE I RTHE,  FeA1H0IE Zn—O 4 A HAR AL HLFE I TAE 3RS T [R4T 054
o W—EHMNFCOILEM FC i Donald J. DarensbourgZ(#% L Angew Chem Int Ed 2013, 52,
10602-10606 1) 3L 71 % FHAH [F] 77 75 52 I 4 & - P B AL il 2% 7 DU B IR IR R, 272
FHAEALAR 28 8 PR — 45 SR (09 B #F 7T ;. Stephan Enthaler#J% 7£ 454 L # ACS Catalysis 2013, 3,
150-158 148 H FRATTHI DM CCo 8 S Ak 77 A0 I 3R 1 LR S A 2 —

2) BT ERZn-OHBEMEMNLE, REEL T HEMDMCCHELCO AN X Ik
FER PRI E AL BB, 41K % T Macromolecules 2013, 46, 3693-3697 X T4k
DMCCHELCO/SOAZ B L IR 2, 5 s X 4zt 93 S AN F ik I AR B 125 - A SO ) 248 i
HL T RN 58 XA [A) T B HE <6 2% 5 W A A LBRL B [R) A T O3 s A . B/ R BRAE
Angew. Chem. Int. Ed. 2013, 52, 11594-11598F1Macromolecules 2014, 47, 1269-1276" 5| F it
SCAE R S i [R] B A AL CO2/SO L BRI 51 -

= RIRT SRS BB COZIL R MBI & BH /7%

HIE NS 45 AR IR B R A R SN e (PCL)IMEE BCA TP 5I N ZCO3E L
RV EEE, RBRCOIEILIEY) A & 7123 YRR A W B A e DA AN 2, K
TR B 1. — 3 T DMCCHI Zn— O R AL 7= A Ui 32 3 IR BR e I Ho Ak RAEAE B
RN ES, B CHO/COFE TR A R A [FRE A7 P B F4 72 s M 1 N B T 38 28 & 4
RETR—RMNEN, WHENFIEATH, 58 XFEAS RN AR A BACT TP 8EE KR
I, T REAS B R ER B A R ER B B B M 2 i B LR Y. ikt R, — B &S 3| T 1%
PEREM &5 M Z R BECO2 L LY (Chemical Science, 2015, 6, 1530). 55— & k5 & A T
FARCO LY . LLh(Salen)Colit &N BB AL, S BUE 73 A0 B3 A XU (1) COn
FEILTRY), BRI OV o5 T S N SR U AL v R A, ARG EEHPCLINNEE, 15 334
F100% MM EERE R 25 8L FE T2 1050 Rl (Macromolecules 2011, 44, 9882). LADMCC




3% (Salen)CoftE L7, I i R M 15122 5 F il o
Bl E:

A ROTIEY b, ZHRBCOZEILRYIN & B2 B IR A SR AT =F0 AN [F] K Bk
£ HAFENLE — 25§ & 2 B ILRYRITER 1102 51 0 751538 2 2k T [F) SR A R A R4 1 A
HLEE . 1% T {E{EChemical Science 2015, 6, 1530-1536 R £ Ji7, E20154E5— AN F#
Hix % FHT 250 X EHAT B (http:/blogs.rsc.org/sc/, F#12011K). [FATE KA Tk ERIE T
T PCHCHMIPCLE ) 2 ik B L SR Y, ARG N ) B E 3, KON — 5 itk R R & 22k
15 B (1) 52 o B A A P G54 B iR B R s MR COLZ L BRMIE) & Bt 7 —FhdE B &)
BREBRAENEHESRITE, WCharlotte K. Willlams#(#%#E Angew Chem Int Ed 2014, 53,
1607-16107 4 iz LAF2 =ik g PR R E NI IR 225 & LR 1 LEIE
Z (8,117, [ A AR 8 Ak 42> B Andrew B. Lowe#(#%#EPolym Chem 2014, 5,
4820-4870H VEAI/ 24 T 1% T./E(4841 T fiScheme 2). X— TAEHFFE T MEEINFILCOE
EEVHIHR, W& D F & AL 2% K Holger Frey fl Gerrit A. Luinstra 2 % 43 7] 7&
Macromolecules 2013, 46, 3280-3287412014, 47, 492-4971]1& . Donald J. Darensbourg#(#%
fEMacromolecules 2014, 47, 3806-3813#117347-7353 0L J¢Polymer Chemistry 2015,6,1768-1776
e sch 5 H T IX—TAE, #iE 7D RICOE B E MG B

=, TR T SR C1EE(CSACOS) 5 IR EAL Y B it SL 5. 37 4T

ETECIRARSCOLMAML, SRR B £ B 11 Zn—OHHE & & 54 1L.CS2 N COSHICO2 1]
L, HIEANRAEE Zo-OHE IDMCCH] R CS28RCOS S AL WAL IR . seia &5 R W]
DMCCHE R S EALCS2/PO (CHO)IL SR, B B2 R I 1 S0/ Jir 5 8 Js IS A1 8] b 77 A f 22 o
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Highly efficient one-pot/one-step synthesis of
multiblock copolymers from three-component
polymerization of carbon dioxide, epoxide and
lactonet
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It is a long-standing challenge to combine mixed monomers into multiblock copolymer (MBC) in a one-
pot/one-step polymerization manner. We report the first example of MBC with biodegradable
polycarbonate and polyester blocks that were synthesized from highly efficient one-pot/one-step
polymerization of cyclohexene oxide (CHO), CO, and g-caprolactone (e-CL) in the presence of zinc—
cobalt double metal cyanide complex and stannous octoate. In this protocol, two cross-chain exchange
reactions (CCER) occurred at dual catalysts respectively and connected two independent chain

] 5 propagation procedures (i.e., polycarbonate formation and polyester formation) simultaneously in a
iii:g’ti% 159tLh|£\leoC\§;nb§r2001144 block-by-block manner, affording MBC without tapering structure. The multiblock structure of MBC was
determined by the rate ratio of CCER to the two chain propagations and could be simply tuned by

DOI: 10.1039/c45c03593c various kinetic factors. This protocol is also of significance due to partial utilization of renewable CO,
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Introduction

The big concerns on the global energy and environmental
issues prompt us to develop efficient methods to prepare new
polymeric materials that can be derived from renewable
resources. Aliphatic polycarbonates (APCs) and polyesters are
two classes of biodegradable polymers with a bright future
because of their practical advantages. APCs can be synthesized
by copolymerization of epoxide with carbon dioxide (CO,),!
which is one of the most attractive renewable C1 resources and
abundant, non-toxic and low-cost, while polyesters can be
prepared by ring-opening polymerization of lactones® that can
also be obtained from the renewable resources.® In contrast to
the most of commercialized polycarbonates and polyesters via
condensation polymerization, which requires long reaction
time as well as high energy supply and releases small molecules
as by-products, both CO,/epoxide copolymerization and ring-
opening polymerization of lactone are addition polymerizations
and undergo a sustainable and environmentally benign
process, which meets the principle of atom economy.

MOE Key Laboratory of Macromolecular Synthesis and Functionalization, Department
of Polymer Science and Engineering, Zhejiang University, 38 Zheda Road, Hangzhou,
310027, China. E-mail: xhzhang@zju.edu.cn

T Electronic supplementary information (ESI) available: Text, figures and tables
giving general experimental procedures and characterization data for
multiblock copolymers. See DOI: 10.1039/c4sc03593¢
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and improved mechanical properties of the resultant MBC.

Another virtue of both ring-opening polymerization of
lactone and CO,/epoxide copolymerization is that they could be
used to make CO,-based di- and tri-block copolymers, which
were rarely reported.* Generally, polycarbonate with one or two
hydroxyl (-OH) end groups was at first synthesized by copoly-
merization of epoxide with CO, and then used as the macro-
initiator for ring-opening polymerization of lactone. For
example, Darensbourg and co-workers reported the syntheses of
di- and tri-block copolymers from CO,, epoxide and lactone via
macroinitiator intermediate by tandem using a (Salen)Co(u)
complex plus an organic base 1,8-diazabicyclo[5.4.0Jundec-7-
ene.* Williams et al. synthesized a di-block copolymer from
epoxide, CO, and lactone by using a dizinc catalyst, which could
be reversibly switched from a polycarbonate catalyst to a poly-
ester catalyst by adding switching reagents.” These works
elegantly provided di- and tri-block copolymers by multi-step or
sequential operations. In this context, we present a one-pot/one-
step synthesis of a new CO,-based multiblock copolymer (MBC)
without tapering from cyclohexene oxide (CHO), CO, and
e-caprolactone (e-CL) via cross-chain exchange reaction (CCER)
that bridged two independent chain propagations generated by
two appropriately selected catalysts (Fig. 1) simultaneously.

CCER is a kind of chain-transfer reaction in which the
propagating chain exchanged with a dormant chain with
different structures. Indeed, many metal-catalyzed ring-opening
polymerizations of lactone and CO,/epoxide copolymerizations
are chain-transfer polymerizations, namely, immortal

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Proposed cross-chain exchange polymerization of CO,, CHO
and &-CL by using Zn—-Co(i) DMCC (1, Scheme S11)” and stannous
octoate [2, Sn(Oct),] together.

polymerization.”® In such mode, a propagating chain could be
converted to a dormant chain with at least one hydroxyl end
group (macromolecular chain-transfer agent) via chain-transfer
reaction to the proton compounds (e.g., trace water) with much
higher rate than those of the chain propagations.” The gener-
ated dormant chains could participate in the chain propagation
again as macromolecular chain-transfer agents.>”* Therefore, it
was possible to produce MBC by bridging CO,/epoxide copoly-
merization and ring-opening polymerization of lactone via in
situ generation of macromolecular chain-transfer agents during
terpolymerization of CHO, CO, and &-CL in one reactor.

Results and discussion

To this end, two catalysts, zinc-cobalt double metal cyanide
complex (Zn-Co(ur) DMCC, 1) and stannous octoate [Sn(Oct),, 2],
were screened out (Fig. 1).° A nanolamellar Zn-Co(u1) DMCC
[Fig. S1, its synthesis and characterization are given in the ESIT]
is a highly active catalyst for CO,/epoxide copolymerization
without producing the byproduct of cyclic carbonate at
50-110 °C.”** The initiating site of 1 is zinc-hydroxyl group
(Zn-OH, Scheme S$17), which could afford poly(cyclohexene
carbonate) with two hydroxyl end groups (HO-PCHC-OH)
resulted from Zn-OH initiation and chain-transfer reaction,
respectively.” 2-Catalyzed ring-opening polymerization of e-CL is
a typical chain-transfer polymerization at ca. 80-130 °C."* When
CO,/CHO copolymerization and ring-opening polymerization of
e-CL were combined into one reactor in the presence of 1 and 2
simultaneously, CCER would occur, as shown in Scheme 1,
when the dormant polycarbonate exchanged with (a), a new
propagating species (a’) was generated so that polycaprolactone
(PCL) block was produced via consecutive &-CL insertion and a
junction unit D was formed. Thermodynamically, the insertion
of &-CL into (a’) made the equilibrium reaction to the right
hand. Similarly, a propagating species (b’) would be generated
via CCER along with the formation of PCHC block and the
junction unit E. Hence, the resulted MBC would have the main
units (A and C) and new junction units D and E. The production
of the ether unit (B) was minor due to the catalytic behavior of
Zn-Co(m) DMCC for CO,/CHO copolymerization according to
our previous report.”

The prerequisite for the formation of MBC is that 1-cata-
lyzed CO,/CHO copolymerization and 2-catalyzed ring-
opening polymerization of &-CL could occur independently
with matched polymerization rates. The control experiments

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 The main units (A—C), CCERs and the possible junction
units of (D) and (E) in MBCs.

indicated that 1 was completely inactive to ring-opening
polymerization of &-CL in the presence or absence of CO,
(Table S3, runs S1 and S2t). When 1 was used for CHO, CO,
and &-CL (Table S3, run-S37), only PCHC with fully alternating
structure was obtained (Fig. S271), indicating the complete
inhibition of CHO/e-CL copolymerization in this case. 2 Failed
to catalyze either CHO/CO, copolymerization or ring-opening
polymerization of CHO (Table S3, runs S4 and S51). When 2
was used for CHO and &-CL in the presence or absence of CO,
(Table S3, runs S6 and S71), only PCL was obtained. Therefore,
the crossed polymerization of three monomers with either
catalysts 1 or 2 was kinetically precluded. CO, self-polymeri-
zation and CO,/e-CL copolymerization were also thermody-
namically inhibited.* Furthermore, 1 could catalyze CHO/CO,
copolymerization independently in the presence of 2, vice
versa (Table S3, runs S8 and S9f) with close-up monomer
conversions (CHO: 95%; &-CL: 86%), indicating that both
CHO/CO, copolymerization and ring-opening polymerization
of &CL could proceed independently with matched
polymerization rates.

A series of one-pot polymerizations with mixed monomers
of CHO, CO, and &-CL in the presence of 1 and 2 were carried
out (runs 3-6, Table 1) under mechanical stirring with
500 rpm. GPC results showed that the resultant MBCs had
single elution curves (Fig. 2) with PDIs of 1.8-2.0. The
number-average molecular weights (M,,) increased from 9.7 to
35.2 kg mol ™" with decreasing the [BnOH]/[¢-CL] molar ratios
from 1 : 40 to 0. Note that BnOH could initiate ring-opening
polymerization of &-CL® and be used to tune the molecular
weights of the resultant MBCs. 97-99% CHO and 94-96% &-CL
were converted within 4.0 h according to the "H NMR spectra
of the crude products, indicating that two catalysts presented
high efficiency towards this terpolymerization. Moreover, the
ether units of MBCs obtained at 100 °C were dramatically
inhibited (3.4-9.9% for runs 3-5 in Table 1) in contrast to the
pure PCHC with the ether unit of 19.0% (run-1, Table 1, bulk
polymerization). This could be attributed to the solvent-
assisted depression effect (herein, &-CL)."> With such small
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Table 1 Results of CHO/CO, copolymerization, ring-opening polymerization of e-CL and CHO/CO,/e-CL terpolymerization®

Composition® (%)

Run [OH]/[e-CL] M,/PDI” kg mol~? C A B N? Conv.’ (%) CHO/e-CL
1 — 29.9/1.8 — 81.0 19.0 — 99/—
28 1:150 22.7/1.7 100 — — . —/84
3 1:40 9.7/2.0 52.1 38.1 9.9 10 97/94
4 1:150 18.7/1.8 49,5 46.6 3.9 9 99/95
5 0 35.2/1.9 49.2 47.5 3.4 3 98/96
6" 1:125 14.9/3.7 50.2 40.4 9.4 10 99/92

¢ Reaction conditions of runs 3-5: 100 °C, 4.0 MPa, 35.0 mg of 1, [OH]/[2] = 2/1, 4.0 h, 30.0 mL CHO, 30.0 mL &-CL, 20.0 mL THF, [OH] was benzyl
alcohol (BnOH) for ring-opening polymerization of e-CL. b Determined by gel permeation chromatography (GPC) of the purified product calibrated
with polystyrene standards in THF. ¢ Determined by 'H NMR spectroscopy, C (polyester) = A, 31/(A4.67 + A3.2-3.5 + Az.31), A (polycarbonate) = A, ¢,/
(Ag67 43535+ Az 31), B (polyether) = As 5 3 5/(As.67 + Asz35 + Az.31)- 4 Determined by "H NMR spectroscopy, N = (24470 + A4.13)/(As.70 + Asg7 + Asso +
Az5-3.5 +Ay31) (see Fig. S3). € Based on "H NMR spectroscopy of the crude products.f Bulk. ¢ In a flask under magnetic stirring. h Pentaerythritol,
[pentaerythritol]/[e-CL] = 1/500, 2.0 MPa CO, pressure.

As a result, no transesterification between PCHC and PCL
occurred during terpolymerization.

Furthermore, CCERs with two catalysts were clearly dis-
closed by the observation that two junction units E and D were

Run-5 MBC

Run-1 PCHC Run-2 PCL

Run-4 MBC
produced at Zn and Sn sites, respectively. Firstly, HO-PCL-OH
Run-3 MBC
"

8 10 12 14 16 18
Retention time (min)

Fig. 2 GPC traces of the purified PCHC, PCL and the resultant . o
te?'polymers from runs 1-5 iinable 1 0/\/\/7)]/": (c;‘f "
= i 44 Chempa snin (p[?rha) ® .

amounts of the ether units in PCHC block, the possible
junction units linked with consecutive ether units could be (B)
literally minimized (Schemes S2 and S37).

The junction units D and E between PCHC and PCL blocks
were confirmed by "H (**C) NMR spectra of the resultant MBCs 22
(Fig. 3-A and S4t). In contrast to the "H NMR spectra of PCL and {4.05,64.085 64
PCHC, two small shoulder peaks at 4.12 and 4.79 ppm were {4_11,67_7%@” ‘\Hc esé
clearly observed in Fig. 3-A. Both peaks could be ascribed to the D\H . 32%
proton. signals of -E (H[:l) anl(31 D (H,) respectively. .Flg. 3-B shows |'{a'{ 4.78,73.25) c E
the high-resolution "H-""C heteronuclear single-quantum ) 745
coherence (HSQC) spectrum of the run-3 MBC in Table 1. Both 760
H, of E (4.11 ppm) and H; of D (4.78 ppm) in the "H NMR 78
spectrum were directly correlated to the carbon of carbonate 80

unit (67.70 ppm) and the ester unit (73.25 ppm) in *C NMR 462

425
Chemical shift (ppm)
spectrum, respectively. In comparison, "H-"*C HSQC spectrum

(Fig. S5-Ct) of the PCHC/PCL blend (weight ratio of 1/1), which
was prepared by using two catalysts under 100 °C and 4.0 MPa
CO, pressure for 4 h in the autoclave, showed no junction units.

1532 | Chem. Sci,, 2015, 6, 1530-1536

Fig. 3 (A) *H NMR results (500 MHz, CDCls) of PCL, PCHC and the
run-3 terpolymer in Table 1 (spectra 1, 2 and 3 respectively), 'H NMR
test with rotating the tube was performed for the run-3 terpolymer; (B)
'H-3C HSQC spectrum (500 MHz NMR instrument) of the run-3
terpolymer in Table 1.

This journal is © The Royal Society of Chemistry 2015
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with a M, of 1700 (run-S10 in Table S3 and Fig. S61) was
introduced into the 1-catalyzed CO,/CHO copolymerization
system; the 'H-"C HSQC NMR spectrum of the resultant
polymers (Fig. S5-DT) showed only one junction unit E {4.12
ppm, 67.83 ppm}, which was solely caused by the chain
exchange reaction of HO-PCL-OH on Zn site. Moreover, when
HO-PCHC-OH with a M, of 700 was introduced into the
2-catalyzed ring-opening polymerization of e-CL system under
4.0 MPa CO, pressure (run-S11 in Table S3 and Fig. S6t), "H-"*C
HSQC NMR spectrum of the product showed only one junction
unit D {4.80, 73.52 ppm} (Fig. S5-Et). This result confirmed that
the CCER only occurred on the Sn site.

In order to form multiblocks, the total rates of two CCERs
should be smaller than those of corresponding propagation
processes. The rate percentage of two CCERs to two propaga-
tions (N) could be estimated by the ratio of the integral area of D
and E to the total carbonate (including small amounts of ether
unit) and ester units based on "H NMR spectra. N of runs 3-5
MBCs in Table 1 was calculated to be ca. 3-10%, indicating that
the total formation rate of the junction units D and E were ca. 3-
10% of the MBC formation. Such rate difference between CCER
and chain propagations led to the formation of polycarbonate
and polyester multiblocks. Moreover, the rate ratio of D
formation to the polycarbonate formation was approximately
equal to that of E formation to the polyester formation based on
the "H NMR spectra (Fig. S31), suggesting that CCERs at the Zn
and Sn site had nearly the same reactivity.

The evolution of the block structure of MBC was further
monitored by the apparent kinetic study of the terpolymeriza-
tion (Fig. 4 and S7-S10 and Table S4t). Fig. 4 shows the semi-
logarithmic plots of the conversions of CHO and &-CL (Table
S4+t) vs. the reaction time with the assumption of the first-order
dependence on monomer concentration for two polymeriza-
tions. The rate ratio of CHO/CO, copolymerization to ring-
opening polymerization of &-CL was estimated to be ca. 3,

® CHO, slope =0.0445, R® =0.98
@ &-CL, slope =0.014, R* =0.94
'6 T T T T T T T T T
0 20 40 60 80 100
Polymerization time (min)

T
120
Fig.4 Plots of In(1 — &) vs. reaction time for the conversion (a) of CHO,
e-CL during terpolymerization with the assumption of the first-order

dependence on the monomer concentration: [2]/[BnOH]/[e-CL] =
0.5/1/40; 101 4+ 2 °C (ca. 20-120 min), 4.0 MPa CO, pressure.
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suggesting that the rate constant of CHO/CO, copolymerization
was three times than that of ring-opening polymerization of
e-CL. As a result, the average block length of PCHC block was
longer than that of PCL block in the resultant MBC. The ratio of
the integral area of the junction units (D + E) to the total units
(A+C+ B) of MBC in "H NMR spectrum kept in the range of 11-
14% (Table S4%) in the whole polymerization time, which
ensured the continuous production of multiblocks at nearly
stable rate. Moreover, M,, increased with the conversion of CHO
and &-CL in a nearly linear manner (Fig. S97). In this sense, the
obtained MBCs are statistical multiblock copolymers.

There are only a few examples of MBC synthesized by using
two catalysts."'* In the previous reports, two catalysts of the
same type were used to catalyze two monomers with same
functionality (e.g., double bond)" or one monomer with R and S
enantiomers.* In these cases, the transition of one block to
another via chain shuttling obeyed the same propagation
manner, which might cause tapering structure in the resultant
multiblock copolymers. Our example reported in the present
work provides a novel CCER route between two independent
chain propagation processes catalyzed by two different types of
catalysts for three monomers with different functionalities in a
one-pot/one-step way, affording MBCs without tapering.

The multiblock structure of MBCs was also evidenced by the
differential scanning calorimetry (DSC) results of the runs 3-5
MBCs from Table 1 with heating and cooling rates of 20 °C min ™"
(Fig. 5) and 10 °C min~" (Fig. S111). As shown in Fig. 5-A, the
melting temperatures (7,,) of the PCL block of runs 3-5 MBCs
were observed (all samples were kept at 0 °C for at least 24 h
before testing and complete crystallization). Since MBC with
smaller N had a longer average block length, T, values of runs
3-5 MBCs increased from 45.7 to 54.2 °C with decreasing N
value and were lower than that of the PCHC/PCL blend (58.8 °C,
Fig. 5-A). T, values of run-5 and run-4 MBCs were found to be
79.3 and 71.8 °C (see inserted chart in Fig. 5-A), respectively.
Both were lower than that of the PCL/PCHC blend (115.0 °C).
However, no T, was observed for the run-3 MBC (Fig. 5-A), in
which the glass transition of the run-3 MBC might be neutral-
ized by the melting process with strong enthalpy of the PCL
block.

Subsequent DSC measurements were further carried out for
the samples with heat treatment at 160 °C for 10 min. As shown
in Fig. 5-B, the cooling curves of the PCL/PCHC blend and run-5
MBC presented crystallization temperatures (7.) at 29.4 and
5.5 °C, and T, at 117.3 and 80.0 °C, respectively. The low T of
run-5 MBC was caused by the restricted crystallization of PCL
blocks, which are covalently linked with PCHC blocks, with
relatively high T,.*> However, no T, and Ty, were observed for
runs 3-4 MBCs. The disappearance of crystallization and
melting peaks in the rapidly cooled runs 3-4 MBCs suggested
that the crystallization rate of these two samples was very slow.
This is also one of the characteristics of restricted crystalliza-
tion, which is frequently observed in semicrystalline block
copolymers.*® T, values of runs 3-4 MBCs could be observed at
ca. 69.0 °C when their DSC curves were magnified and the base
line subtracted (Fig. S127). It is reasonable that both MBCs had
nearly the same chain compositions (Table 1). Moreover, when
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Fig. 5 DSC traces of MBCs from runs 3-5 in Table 1 and PCL/PCHC
blend (M, 26.4 kg mol™Y) obtained with a heating rate of 20 °C min~!
in N, atmosphere, ca. 10 mg sample was used. The curves were shifted
vertically for clarity. (A) Samples were kept at 0 °C for at least 24 h
before testing for complete crystallization, samples were then heated
from —20 to 160 °C; (B) the same samples were kept at 160 °C for
10 min, then were cooled to —20 °C and heated to 160 °C again.

DSC measurement was carried out for runs 3-5 and the PCL/
PCHC blend with a heating and cooling rate of 10 °C min™ ", T,
and T, values of the sample were similar with those in Fig. 5
(Fig. S117). The above DSC results confirmed the production of
multiblock structure of MBCs via one-pot/one-step reaction of
three monomers catalyzed by two different catalysts.

The restricted crystallization behavior of PCL blocks in MBCs
was also confirmed by the comparative study of small-angle
X-ray scattering (SAXS) profiles of run-5 MBC in Table 1 and
PCL/PCHC blend. As seen in Fig. 6-A, run-5 MBC presented a
lamellar crystal thickness () of 3.4 nm, which was smaller than
that of PCL/PCHC blend (4.6 nm). Due to the multiblock
structure, the run-5 MBC in Table 1 showed improved elonga-
tion at break of 22.8% relative to those of PCHC (3.3%)'* and
PCHC/PCL blend (1.8%) (Fig. 6-B), which meant that the run-5
MBC was tougher than the pure PCHC and PCHC/PCL blend.

We also examined the effect of CO, pressure, CHO/e-CL
feeding ratio, reaction temperature, the type as well as the
amount of the initiator on the structure of the resultant MBCs
(Tables 1, S6 and S77). With the fixed molar ratios of 1 to CHO
and 2 to &-CL, the variation of CHO/e-CL ratio had a strong
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Fig.6 (A) SAXS results: one-dimensional correlation functions for run-5
MBC in Table 1 (solid line) and the PCL/PCHC blend (dashed line); (B)
stress—strain curves of run-5 MBC in Table 1, PCL/PCHC blend and
PCHC (M, 37.4 kg mol™) at room temperature and 10 mm min~?, *
denotes failure point. (C) Images of run-3, run-5 and run-6 MBCs (dog
bone sample, thickness of 2.0 mm) in Table 1 synthesized under
different conditions.

impact on the chain composition of the resultant polymers.
When CHO/e-CL volume ratio was 1/4 (run-S26 in Table S71), an
MBC with shorter PCHC block was obtained with a T}, of 56.9 °C
that was less than that of the PCL/PCHC blend (58.4 °C,

This journal is © The Royal Society of Chemistry 2015
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Fig. S13t1), indicating that even very short PCHC blocks in MBC
could result in restricted crystallization of the PCL block. The
suitable temperatures and CO, pressure for synthesizing MBCs
were 90-110 °C and =2.0 MPa, respectively. PCL block in MBCs
in Table S6f kept nearly in the range of 44.7-51.9%. Remark-
ably, the average block lengths of MBCs could be tuned by
changing the type and amounts of the initiator. MBCs from run-3
and run-5 (thickness of 2.0 mm, Table 1) were semi-transparent
and non-transparent, respectively (Fig. 6-C). Larger amount of
initiator caused shorter average block lengths, which formed
relatively thinner PCL lamellar crystals in the sample. When
pentaerythritol was used as the initiator (run-6, Table 1), soft
and transparent sample was obtained, suggesting that the
crystallization of PCL blocks in the armed MBCs was more
severely restricted.

Conclusions

In summary, we described a convenient method to synthesize
MBCs with high efficiency from a one-pot/one-step polymeri-
zation of CO,, CHO and &-CL by bridging two independent
chain propagations via CCER in one system. This reaction is
also of significance because it produced multiblock copolymers
without tapering by partially using renewable CO,. Such MBCs
with improved mechanical properties have a CO, uptake up to
15 mol% when [CHO]/[e-CL] feeding ratio was 1.0. The ongoing
work will be directed towards MBCs with tunable properties by
precise kinetic control.

Experimental

Typical terpolymerization of CHO, CO, and &-CL in a one-pot/
one-step procedure: the terpolymerization was conducted in a
Biichi autoclave, which had been pre-dried at 80 °C under
vacuum for 2 h. Desired amounts of Zn-Co(m) DMCC,
Sn(Oct), (in dried THF), BnOH, CHO and &-CL were trans-
ferred into the autoclave equipped with a mechanical stirrer
(500 rpm) and a pressure gauge, CO, was then pressurized to
the target pressure. The autoclave was heated by a cyclic oil
heating bath with designed temperature (e.g., 100 °C) and
kept stirring for a certain time (e.g., 4 h). After reaction, the
autoclave was cooled down to room temperature and CO, was
slowly vented. A small amount of the crude product was taken
out for "H NMR measurement. The remaining sample was
dissolved in CH,Cl, and precipitated from methanol. This
process was repeated three times to give the purified
polymers.
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ABSTRACT: In this study, we describe the substituent effect of epoxides on CO,/
epoxide copolymerization catalyzed by a nanosized zinc—cobalt(IlI) double metal
cyanide complex [Zn—Co(IlI) DMCC]. The Zn—Co(Ill) DMCC catalyzed the
copolymerization of CO, with 11 epoxides with alkyl or aryl groups at 50—60 °C
within 15 h. The reaction afforded various CO,/epoxide copolymers with high epoxide
conversion efficiencies up to 100%. The alternating degree (Fco,) of the resulting

copolymer was solely decided by the steric hindrance of the substituents of the epoxides
regardless of their electron-donating or withdrawing properties. Substituents with large
steric hindrances (2, 2-dimethyl, tert-butyl, cyclohexyl, decyl, and benzyl) led to highly
alternating degrees (up to 100%). The regioselective CO,/epoxide copolymerization was
dominated by the electron induction effect of the substituent. The electron-withdrawing
substituent such as phenyl and benzyl induced regioselective ring-opening at the methine
site of the epoxide. For CO,/isobutene oxide copolymerization, the regioselective
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reaction occurred at the methylene site of the isobutene oxide because of the strong electron-donating ability and steric
hindrance of the two methyls of the isobutene oxide. The linear alkyl groups of the epoxides could not induce the regioselective
reaction during copolymerization. The glass transition temperatures (T,s) of the CO,/epoxide copolymers with linear alkyl
substituent groups decreased from +6 to —38 °C with increasing alkyl length, but increased from 6 to 84 °C with increasing steric
hindrance of the epoxide substituents. Thus, various CO,/epoxide copolymers with a wide T, range from —38 to +84 °C were

provided and could be applied as elastomers or plastics.

B INTRODUCTION

Transforming carbon dioxide (CO,) into polymeric materials by
alternating copolymerization of CO, with epoxides is incredibly
promising. Since the pioneering work of CO,/propylene oxide
(PO) copolymerization catalyzed by ZnEt,/H,O system
reported by Inoue et al. in 1969," tremendous advances have
been made in this field.*~¢ Indeed, CO,/PO copolymer has been
commercialized and shows a bright future for CO,-based
polymeric materials,”® which encouraged us to expand the
application of CO,/epoxide copolymers into the area of plastics
or elastomers. Thus, it is a necessity to design and synthesize
CO,/epoxide copolymers with various glass transition temper-
atures (Tgs) across a wide temperature range. Epoxides with
different substituents offer many opportunities to synthesize
CO,/epoxide copolymers with various Ts; however, the
substituent effects of the epoxide on CO,/epoxide copolymer-
ization (polycarbonate selectivity, regioselectivity and glass
transition temperatures) have not yet been systematically
investigated.

The copolymerization of CO, with the epoxides containing
long linear alkyl groups could create copolymers with T,s below
room temperature.” ' Such CO,/epoxide copolymers with low

-4 ACS Publications  ©2015 American Chemical Society
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T, could serve as biodegradable elastomers—a new application
of CO,-based polymers.*>* However, the copolymerization of
CO, with epoxides containing long linear alkyl groups have rarely
been reported likely because of the relatively low reactivity of
these epoxides. Coates and co-workers reported CO,/1,2-butene
oxide copolymerization using a zinc f-diiminate complex catalyst
at 25 °C and 300 psi CO,. This produced 15% cyclic carbonate.”
The turnover frequency (TOF) of this copolymerization had
<50% the activity of CO,/PO copolymerization with the same
catalyst. The alternating copolymerization of 1, 2-butene oxide,
1,2-hexene oxide and 1,2-octene oxide with CO, were reported
by the Lu group using a (Salen)Co(III) complex with (PPN)C],
[bis(triphenylphosphine )iminium] chloride, at 25—40 °C for 3—
4 h. This gave copolymers with polycarbonate selectivity of 97—
99%,'® while the TOFs of these copolymerizations also
decreased dramatically versus the CO,/PO copolymerization
with the same catalyst.
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Figure 1. Possible ground-state structure of the active site of Zn—Co(III) DMCC catalyst (left) and mechanism for CO,/epoxide copolymerization
(right). Herein, two CN™ groups are shared by Zn>* and Co®* ions. They contain one negative charge in one tetrahedral Zn*" structure. Thus, the
structure meets the electroneutrality princig)le because of the existence of OH™ (and Cl”) based on the elemental results, FT-IR spectrum and
characterization of the polymer end groups.”® CA is the complexing agent (generally H,O and t-BuOH).

Nozaki et al. reported the copolymerization of 1,2-hexene
oxide with CO, using a Co(III) complex with a piperidinium
end-capping arm at 25 °C within 48 h. This afforded a copolymer
with 98% polycarbonate selectivity.'' Nevertheless, the copoly-
merization of CO, with epoxides with long linear alkyl chain is
still a big challenge. Moreover, the copolymerization of CO, and
epoxides with bulky branched alkyl groups such as isobutene
oxide'” and 2-tert-butyloxirane has not yet been reported. A
recent attempt to copolymerize of isobutene oxide with CO, viaa
(Salen)Cr(III) complex with PPN azide as the catalyst promoter
led to an exclusive cyclic carbonate.'> The copolymers from CO,
and the epoxides with branched alkyl groups produce
copolymers with high T,s, and thus this is also an attractive
topic in the field.

On the other hand, the copolymerization of CO, with
epoxides with anchoring aryl groups is equally rare,*~"
although the resulting copolymers from CO, and these epoxides
had a relatively high T,s and strong intermolecular interactions
that could improve the mechanical properties of the materials. Lu
and Daresnbourget al."* reported a perfect alternating CO,/
styrene oxide (SO) copolymerization using a (Salen)Co(III)
complex anchoring 1,5,7-triabiabicyclo[4,4,0]dec-S-ene and
(Salen)Cr(IIT)/(PPN)Cl at 25 °C, which afforded a fully
alternating poly(styrene carbonate) (PSC). Recently, our
group reported an alternating and regioregular PSC with an
alternating degree of 99.4% and 96% head-to-tail (HT)
connectivity using nanosized zinc—cobalt(III) double metal
cyanide complex [Zn—Co(II)DMCC] catalysts without in-
troducing any cocatalysts or catalyst promoters."* Such PSC
presented a T, of 82 °C, which was higher than that of CO,/PO
copolymer (ca. 35—42 °C) and could be used as a plastic with
good thermal properties.

Thus, far, a considerable number of catalyst systems
have been developed to synthesize CO,/epoxide copolymers,
but few of these can catalyze the copolymerization of CO, with
many kinds of epoxides with different substituents. This is likely
due to limitations in structural matching of the catalysts and
epoxides with respect to their steric/electronic effects. To date,
two kinds of catalyst systems could catalyze the copolymerization
of CO, with many kinds of epoxides with good efficiency. One is
the (Salen)M(III) (M = Co, Cr) comgplex/ catalyst promoter
systems® including both bifunctional'”™>' and two compo-
nent”>"2¢ systems. These are highly active due to the perfectly
alternating copolymerization of CO, with many epoxides. The
CO,/epoxide copolymerization could be precisely tuned by

2,3,5,6,18
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subtle design of the organic backbone of the catalyst. However,
these syntheses are complex with multistep operations. In most
cases, low temperature polymerizations are required to avoid
cyclic carbonate generation.

The other catalyst is nanosized Zn—Co(IlI) DMCC,”” which
is a highly efficient catalyst for CO,/epoxide copolymerization
without any cocatalyst or catalyst promoters."*'**? Recently, a
nanolamellar Zn—Co(III) DMCC was observed to effectively
catalyze the alternating copolymerization of CO, with epoxides
with long side alkyl groups.>® These results led us to
systematically study the substituent effects of the epoxides on
the alternating copolymerization of CO,/epoxide using this
catalyst. We obtained CO,/epoxide copolymers with various T,s
across a wide range of temperatures. A regioselective CO,/
epoxide copolymerization style induced by bulky and electron-
donating substituents via Zn—Co(III) DMCC catalysis was also
proposed.

B RESULTS AND DISCUSSION

Brief Introduction of Zn—Co(lll) DMCC Catalyst. Zn—
Co(III) DMCC was early discovered to be an efficient catalyst
for ring-opening polymerization of epoxides, especially PO.>"*>
It is still industrially used to produce poly(propylene oxide)
polyols with moderate and high molecular weights, which are
widely used for making soft polyurethanes. In 1985, Kruper et al.
applied Zn—Co(III) DMCC to CO,/epoxide copolymerization
for the first time.>®> Many research groups subsequently studied
its preparation and application for synthesizing CO,-based
copolymers.>*~3* The traditional preparation of Zn—Co(III)
DMCC involves room temperature schemes via a precipitation
reaction with excess ZnCl, and K;Co(CN)y in water/tert-
butanol (t-BuOH) solution.”® The resulting catalyst presents
irregular lumps with several to dozens of micrometers and
showed moderate productivity and low polycarbonate selectivity
toward CO,/epoxide copolymerization. The empirical formula
of this catalyst is Zn;[ Co(CN)¢],-xZnCl,-yCA-zH,O (CA is the
complexing agent). It is nonstoichiometric because %, y, and z
varied with the methods and batches of the preparation. The
basic bulk structure of this catalyst shows that the cyanide bridges
link zinc and cobalt atoms, but the catalytic center has not yet
been disclosed. Changes in either the cobalt ion or zinc ion, e.g,,
Zn[Ni(CN),]* and Co[Ni(CN),],*" and substitution of one of
the cyanide ions results in a dramatic change in the catalytic
activity and polycarbonate selectivity.** The Zn—Co(III)
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DMCC prepared using +-BuOH as a CA remains the best for
epoxide-involved polymerizations.**

We proposed a hydrothermal method to synthesize Zn—
Co(III) DMCC for highly active and selective CO,/epoxide
copolymerization.”” The resulting catalyst was thermally stable,
air and moisture insensitive and had unique nanolamellar and
nanoporous structures with high a BET surface area of >500 m?2/
g. Such nanosized structure could accommodate more catalytic
sites on the surface of the catalyst and thus improved the catalytic
activity toward CO,/epoxide copolymerization.””

The Zn/Co molar ratio of the initial Zn—Co(IlI) DMCC
varied depending on the preparation conditions, while the Zn/
Co molar ratio of the nanosized Zn—Co(IlI) DMCC via
hydrothermal process was ca. 2.0 and was constant across
different conditions."**”*® Therefore, the molar ratio of
Zn**:Co*:CN~ was 2:1:6 based on the perfect coordination
reaction of Zn>* with Co(CN)s~ via K;Co(CN), The
Zn,[Co(CN)s](OH),Cl,-yCA-zH,0 (a + b = 1) structure of
Zn—Co(IlI) DMCC meets the electroneutrality principle
because CI™ was observed by elemental analysis and OH™ was
confirmed by FT-IR spectrum (samples with CA and water
removed by heat).”® The catalytic center of this species was a
zinc—hydroxyl bond (Zn—OH) based on the fact that the
resulting polymers had two terminal —OH groups. In structure,
the Zn—OH bond could be regarded as a Lewis acid (Zn*")-base
(OH™) center, which could activate the epoxide and CO,
collaboratively.”® The proposed mechanism for the chain
initiation, propagation and transfer reaction for Zn—Co(III)
DMCC-catalyzed CO,/epoxide copolymerization is shown in
Figure 1.2® Note that the complexes, Zn,[Co(CN)¢]OH* and
Zn,[Co(CN)¢]Cl had no any catalytic activity toward CO,/
epoxide copolymerization. This demonstrates that the activity of
this catalyst might be originated from Zn,[Co(CN),](OH),Cl,,
although its real structure still needs ongoing investigation.
Herein, we present our continued investigation concerning the
CO,/epoxide copolymerization via nanosized Zn—Co(III)
DMCC catalysts for improved understanding of the substituent
effects of epoxides.

Copolymerization of CO, with Selected Epoxides.
Eleven epoxides (Scheme 1) with various substituents were
successfully copolymerized with CO, using nanosized Zn-—
Co(1lI) DMCC. Thereof, the copolymerization of CO, with
epoxides A, C—E and G—I were reported for the first time with
our Zn—Co(III) DMCC catalyst. Species B, C, D, E and F were
the epoxides with pendant linear alkyl groups with carbon
numbers of 1, 2, 4, 6 and 10, respectively. J and K were epoxides

Scheme 1. Selected Epoxides with Alkyl and Aryl Groups for
the Copolymerization with CO, with Nanosized Zn—Co(1II)
DMCC Catalysts®

A B

Cc D E F

0 Q o Q

T % o "o O
G H I J K
“Key: A, ethylene oxide, B, propylene oxide, C, 2-ethyloxirane (1,2-
butene oxide), D, 2-butyloxirane (1,2-hexene oxide), E, 2-hexyloxirane
(1,2-octene oxide), F, 2-decyloxirane (1,2-epoxydodecane), G,
isobutene oxide, H, 2-(tert-butyl)oxirane, I, 2-cyclohexyloxirane, J,

styrene oxide; K, 2-benzyloxirane. The syntheses of I and K are given
in the Supporting Information part (see Figures S1 and S2).
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with the pendant electron-withdrawing aryl groups.'* G, H, and I
were the epoxides with branched alkyl groups with carbon
numbers of 2, 4 and 6, respectively.

The copolymerization data for the above-mentioned epoxides
and CO, catalyzed by Zn—Co(Ill) DMCC are summarized in
Table 1. The minimum reaction temperature was 50 °C for
activating the copolymerization of CO, with most of the selected
epoxides. However, the minimum temperature for activating the
copolymerization of the epoxides H, I, and K with CO, within 15
h was 60 °C (Table 1, entries 8—9 and 11). Moreover, relatively
more amounts of the catalyst (10.0 mg for 3.0 mL epoxide) was
loaded for each polymerization to ensure activation of all the
epoxides.

In a typical polymerization process, 3.0 mL epoxide was nearly
completely converted to products (including the cyclic
carbonate) with 10.0 mg Zn—Co(III) DMCC at 50 °C and 4.0
MPa CO, pressure within 15 h as indicated by the '"H NMR
spectra of the crude products (Figures $3—SS). This indicated
the highly effective catalytic activity of Zn—Co(III) DMCC for
these CO,/epoxide copolymerizations. The productivities for
CO, with epoxides C, D, E, and F were 1328, 1070, 1120, and
1184 g polymer/g Zn, respectively—values closer to that of
CO,/B (ie., PO) copolymerization. A previously reported Zn—
Co(IlI) DMCC catalyst prepared with poly(tetramethylene
ether glycol) as a complexing agent presented no activity to
CO,/D copolymerization at 50 °C within 24 h.** Clearly,
nanosized Zn—Co(III) DMCC presented higher catalytic ability
toward the copolymerization of CO, with epoxides containing
long linear alkyl groups than those with reported analogues.

The productivities of CO,/G and CO,/H copolymers were
lower than that of CO,/B copolymer because of the production
of relatively more amounts of cyclic carbonate (entries 7 and 8 in
Table 1). Moreover, the productivity of CO,/J copolymer was
752 g of polymer/g of Zn—much less than that of CO,/B
copolymer because of the low reactivity of J under Zn—Co(III)
DMCC catalysis."* Long linear alkyl groups could lead to a CO,/
epoxide copolymer with high number-average molecular weight
(M,,) because the long linear alkyl group could suppress the chain
transfer reaction to trace water in the system along as well as
backbiting reactions that decrease M,. We found that the
branched alkyl groups and aryl groups of the epoxides also
resulted in CO,/epoxide copolymers with relatively low M_s
(Table 1) and relatively more amounts of cyclic carbonates.

The alternating degree (Fcp,) of the resulting CO,/epoxide

copolymers and the weight percentage of the cyclic carbonate in
the total products (W) were then used to evaluate the
polycarbonate selectivity of the catalyst. Moreover, the selective
ring-opening reaction of the epoxide produced a regioregular
copolymer. Such regioselectivity could be evaluated by the
content of the head-to-tail (HT) connectivity of the resulting
copolymer based on the *C NMR spectrum.* Herein, the
substituent effects of the epoxides on CO,/epoxide copoly-
merization were illustrated with the above parameters.
Alternating Degree (Fco,). The increase in the length of the

pendant linear alkyl group of the epoxide led to a high Fo, of the

resulting copolymers. As shown in Figure 2, the longer the
pendent alkyl groups, the higher Fo, was achieved. Ethylene

oxide (A)/CO, copolymer showed an Fco, of 55.3% (entry 1 in

Table 1, spectrum 1 in Figure 2). For the copolymer of CO,/B
with a side methyl group, the Foo, increased to 73.2% under the

same experimental conditions (entry 2 in Table 1). The Fco,

DOI: 10.1021/ma5023742
Macromolecules 2015, 48, 536—544


http://dx.doi.org/10.1021/ma5023742

Macromolecules

Table 1. Copolymerization of CO, with Various Mono-Substituted Epoxides Using Zn—Co(III) DMCC Catalyst (R Represents

the Substituent of the Epoxide)®

O R (o]
o) Zn-Co (Ill) DMCC
L\R:. 0=C=0L>\(j/\0)l\0?;€\/09\" + O\J_L?
R

R
entry epoxides temp (°C) Feo, (%) Wee (wt %)° M, (kg/mol)* PDI¢ productivityd (g polymer/g Zn) convn (%) T (°C)
1 A 50 5583 14.2 0.9 2.3 925 98 -1
2 B S50 73.2 5.7 212 2.4 1215 88 14
3 C S0 91.5 4.8 24.6 4.6 1328 100 6
4 D S50 95.6 2.7 19.2 5.0 1070 100 —18
S E S50 98.6 2.0 48.7 4.0 1120 100 =27
6 F 50 >99.0 1.1 93.2 4.5 1184 100 —38
7 G S50 >99.0 20.0 6.6 2.0 993 100 35
8 H 60 >99.0 13.0 44.6 2.5 750 86.5 53
9 I 60 >99.0 1.5 20.0 2.9 1210 100 84
10 J S0 94.2 3.0 12.7 3.0 752 80.6 76
11 K 60 99.0 1.8 16.1 3.9 1094 100 78

“Reaction conditions: Zn—Co(III) DMCC, 10.0 mg; epoxide, 3.0 mL; CO,, 4.0 MPa; 50 °C; 15 h. bCalculated from 'H NMR spectroscopy, Fco, =

(Acarbonate lmkage)/ [(Acarbonate linkage + Aether lmkage)!

ch Acychc carbonateMcycllc carbonate/ [Mcycl\c carbonate(Acychc carbonate T Acarbonate lmkage) + Mether umtAether lmakes]

Term A represents the integral area, and M represents the molecular weight. “Determined by gel permeation chromatography (GPC) calibrated with
monodisperse polystyrene standards in THF at 40 °C. “The productivity was defined as g polymer/g Zn. “Including the copolymer and cyclic
carbonates, EO conversion from '"H NMR determination might be on the high side due to its low boiling point of 10.4 °C.
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Figure 2. "H NMR spectra (500 MHz, CDCL,) of the purified CO,/epoxide copolymers from A-E via Zn—Co(III) DMCC catalysis at 50 °C, 4.0 MPa

CO, pressure and 15 h.

values of CO,/C, CO,/D, CO,/E and CO,/F copolymers were
91.5%, 95.6%, 98.6%, and >99%, respectively (entries 3—6 in
Table 1). They increased with increasing number of carbons on
the pendant alkyl group. This result could be explained by
intramolecular steric repulsion effects through the formation of
two neighboring CO,/epoxide carbonate units. When the CO,
copolymerized with epoxides containing long alkyl groups, the
resulting polymer chain had a “crowded” side alkyl group,” 46
and thus it increased the steric hindrance, which hampered the

. 1 .46
continuous epoxide insertion.
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When the number of carbons on the epoxide pendant groups
was the same, the branched pendant groups led to a clear
improvement in Fco. The CO,/H copolymer has a Fco, of
>99% (H in Figure 3), which was higher than that of CO,/D
copolymer, i.e. 95.6% (D in Figure 2). Similar data was observed
when comparing Fcq, of CO,/E copolymer (98.6%) with that of
CO,/I copolymer (>99%). Clearly, both H and I with branched
alkyl groups presented more significant steric repulsion effects
than D and E with linear alkyl groups. Species G with two
substituted methyls provided strong steric hindrance on the
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Figure 3. "H NMR spectra (500 MHz, CDCL;) of the purified copolymers from G, H and I via Zn—Co(III) DMCC catalysis at 60 °C (for G, 50 °C), 4.0
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Figure 4. "H NMR spectra (500 MHz, CDCL,) of the purified copolymers from CO, with epoxides J and K with side electron-withdrawing groups.

copolymerization and led to the production of a CO,/G
copolymer with an Fo, of >99% (G in Figure 3). This was higher

than that of the CO,/C copolymer with a side ethyl group
(91.5%).

The steric hindrance of the electron-withdrawing substituents
of the epoxides also favored to improve of the alternating degrees
of the resulting copolymers. As shown in Figure 4, the Fo, of the

resulting copolymers from the copolymerization of CO, with
epoxides J and K followed the sequence order of the steric
hindrance of J (94.2%, 50 °C) < K (99.0%, 60 °C), which was
consistent with our previous report at different reaction
temperatures.14

The above results indicated that Zn—Co(III) DMCC was an
effective catalyst for the copolymerization of CO, with various
epoxides containing long pendent linear and branched alkyl
groups. It afforded alternating CO,/epoxide copolymers. The
alternating degree of the CO,/epoxide copolymer via Zn—
Co(1II) DMCC catalysis was determined by the steric hindrance
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of the pendant groups of the monosubstituted epoxides
regardless of whether such pendant groups had electron-
donating or withdrawing properties.

Production of Cyclic Carbonate (W¢). The formation of
the cyclic carbonate during CO,/epoxide copolymerization
mainly resulted from the backbiting reaction of the end
carbonate anions.*” Therefore, the production of cyclic
carbonate was closely correlated to the properties of the pendent
group of the epoxides under Zn—Co(III) DMCC catalysis.

For the epoxides with linear alkyl groups shown in Table 1
(Figure S3, "H NMR spectra of the crude products), the content
of the cyclic carbonate W decreased from 14.2 to 1.1 wt % with
increasing carbon numbers from 0 to 10 for epoxides A, B, C, D,
E, and F (entries 1—6, Table 1). That is, increasing the length of
the pendant alkyl group inhibited the production of cyclic
carbonates. This result could be attributed to the intramolecular
steric repulsion effects of the long side alkyl group of the
copolymer,***® which hampered the backbiting reaction.
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Surprisingly, the copolymerization of epoxides G and H with
CO, resulted in the production of considerable amounts of cyclic
carbonates of 20 and 13 wt % (Figure S4, 'H NMR spectra of the
crude products), respectively. These values were clearly higher
than those achieved with epoxides C and D that contain side
groups with the same number of carbons. This result indicated
that the stronger steric hindrance and electron-donating ability of
the dimethyl and tertiary butyl groups favored the backbiting
reaction and formed cyclic carbonate.

Interestingly, for epoxides I and J in which cyclohexyl and
phenyl had the same carbon numbers, the CO,/J copolymeriza-
tion gave relatively higher amounts of the cyclic carbonate in the
product (4.9 wt %), which indicates that the substituents with
more electron-withdrawing groups favored the production of the
cyclic carbonate. The copolymerization of CO, with K, which has
a less electron-withdrawing benzyl group, also gave a lower W¢
(1.8 wt %, 60 °C) than that of CO,/J copolymer (4.9 wt %, 60
°C, Figure SS) containing a phenyl group. These results
indicated that Zn—Co(III) DMCC was excellent for the CO,/
epoxide copolymerization because relatively small amounts of
cyclic carbonates were produced at 50—60 °C for the most of
epoxides in Table 1. In contrast, most of the reported catalysts
required low reaction temperatures to avoid production of cyclic
carbonates.

Regioselectivity. It is of great interest to investigate the
regiochemistry of the CO,/epoxide copolymerization because
regioregular CO,/epoxide copolymers should expand the range
of the thermal and mechanical properties of the resultin:
copolymers versus their regioirregular counterparts.'®">'>#>*
Here, CO,/epoxide copolymers with highly alternating degrees
(94.2% - >99%, entries 4—11 in Table 1) were selected for further
analysis of regiochemistry because the carbonate anion
(—OOCO™) was the main nucleophilic species attacking the
methylene (CH,) or methine (CH) sites to open the epoxide
ring (Scheme 2).

Scheme 2. Proposed Mechanism for Regioselective CO,/J
and CO,/G Copolymerization via Zn—Co (III) DMCC
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Ring-opening

Head-to-Tail structure
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“The red dot in the backbone represents the site proposed for attack
by the carbonate anion.

CO,/J copolymerization was highly regioselective under Zn—
Co(IIT) DMCC catalysis'* and afforded a CO,/J copolymer with
90% HT connectivity (SO °C). In this instance, the electron-
withdrawing phenyl group made the CH site more positive than
the CH, site, and thus the carbonate anion predominantly
attacked the CH site of J (route 1 in Scheme 2) although the CH
site had significant steric hindrance due to the phenyl group. This
result highlights that the counteracting effect of steric hindrance
on regioselectivity could be minimized. When the phenyl group
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was substituted by a benzyl group (K) with less electron-
withdrawing ability, the resulting CO,/K copolymer only had a
77% HT connectivity (60 °C).

Because the electron-withdrawing phenyl group of J
predominantly induced nucleophilic attack on the carbonate
anion to CH site, we wondered whether the strong electron-
donating ability and steric hindrance of the branched alkyl group
linked to the epoxide (G, H and I) would lead a ring-opening
event at the less substituted CH, site (e.g., route 2 in Scheme 2).
Indeed, the CH, sites of G, H and I had more positive charges
than the substituted carbon, and thus favored nucleophilic attack
of the carbonate anion.

The epoxide G is special in structure because it has two
substituted methyls at the quaternary carbon making it achiral.
Therefore, the microstructure of the resulting poly(isobutene
carbonate) would be simpler than those with chiral carbons. The
13C NMR spectrum of poly(isobutene carbonate) in the carbonyl
region exhibits one sharp peak at 6c 153.0 ppm and two small
peaks at 6 154.9 and 151.3 ppm (Figure S). The three peaks at
Oc 154.9,153.0, and 151.3 ppm could be ascribed to HH, HT and
TT connectivity of the poly(isobutene carbonate), respectively.
The proposed HH, HT and TT connectivity of poly(isobutene
carbonate) could also be qualified by a random copolymer model
using ethylene oxide (EO), cyclohexene oxide (CHO) and CO,.
In this model, the three carbonyl regions of EO—CO,-EO (154.9
ppm), EO-CO,—CHO (154.2 ppm) and CHO-CO,—CHO
(153.2—153.7 ppm) caused by random terpolyemrization were
similar to the chemical environments with TT, HT and HH
connectivity of the poly(isobutene carbonate), respectively.*>

Moreover, the *C NMR spectrum for the other quaternary
carbons of poly(isobutene carbonate) only showed a single sharp
peak at 5 81.5 ppm (Figure S), which is also indicative of the
oversimplified chemical environment around this quaternary
carbon. Therefore, poly(isobutene oxide) is proposed to be a
regioregular copolymer with high HT connectivity, which was
calculated to be 83% based on the integral area ratio of these
peaks. The strong and direct electron-donating ability of the two
methyls toward the quaternary carbon of G induced the
carbonate anion to attack the CH, site with a more positive
charge (Scheme 2). Moreover, the steric hindrance of the two
methyls could hinder and repel attack of the carbonate anion to
the quaternary carbon of G.

The CO,/H copolymer with a side tertiary butyl group was
also expected to have a regioregular structure to some extent
because the tertiary butyl group has strong electron-donating
ability and steric hindrance. However, it was difficult to
determine the regioregular structure of CO,/H copolymer
based only on the peak splitting data for the carbonyl region in
the C NMR spectrum (Figure S7). We did observe two
asymmetric neighboring peaks at ¢ 155.0 ppm. Because H has a
chiral CH site, we attempted to probe the regioregular structure
of the CO,/H copolymer by determining the optical properties
of the hydrolyzed CO,/(S)-H copolymer via Zn—Co(III)
DMCC from an optically active epoxide (S)-H. This was
because the (S)-configuration of the carbonate unit of the CO,/
(S)-H copolymer would be retained after hydrolysis if the (S)-H
copolymerized with CO, through a regioselective attack on the
CH, site of (S)-H. However, we failed to resolve the racemic
mixture of H needed to obtain pure (S)-H via an (R)-(Salen)Co
complex (see Supporting Information part). Indeed, the bulky
tertiary butyl group of H hampered the resolution.”" Similarly,
the microstructure of the CO,/I copolymer (Figure S8) was also
difficult to determine.

DOI: 10.1021/ma5023742
Macromolecules 2015, 48, 536—544


http://dx.doi.org/10.1021/ma5023742

Macromolecules

. 8}
M 0_0
\§O (8] ’>< 11‘ \><jax-

Head-to-tail (HT)
., 0O
o L M o +° )(}n
o]
Tail-to-tail (TT) \
A k |

155 154 153 152
Chemical shift(ppm)

-

151

Ll

(8]
fo oy k-

Head-to-head {HH)

NS W

81.6 81.0
Chemical shift(ppm)

T T T T T T T T T T T T

155 140 125 110

T

95 85
Chemical shift(ppm)

T T T T T T T T T T T

75 65

Figure 5. *C NMR spectrum (125 MHz, CDCL,) of poly(isobutene oxide) from CO,/G copolymerization with Zn—Co(III) DMCC. Key: TT = tail-

to-tail; HT = head-to-head; HH = head-to-head.

In contrast to the regioregular CO,/J copolymer, the CO,/G
copolymer presented a relatively low content for the HT
connectivity (90% vs 83%) suggesting that the ability of the bulky
electron-donating alkyl groups to induce a regioselective ring-
opening reaction at the CH (or C) site of the epoxide was weaker
than that of the aryl group for a regioselective ring-opening
reaction at the CH, site. This was further proved by the fact that
the copolymerization of CO, and B—with one methyl group and
thus less electron-donating behavior—leads to a complete
regioirregular copolymer. Even increasing the length of the
pendant linear alkyl groups (i.e., keeping the electron-donating
ability but enhancing the steric hindrance) gave no regioselective
copolymerization. The *C NMR spectra of the CO,/D, CO,/E,
and CO,/F copolymers in the carbonate region show several
overlapping peaks, which were similar to that of the CO,/B
copolymers (Figure S6). The contents of HT connectivity of
these copolymers were roughly estimated to be 52%. This
implied no stereoselectivity in the epoxide ring-opening step.

As discussed above, the regioselective CO,/epoxide copoly-
merization via Zn—Co(IIl) DMCC catalysis was mainly
determined by the electron induction effect of the epoxide
rather than the steric hindrance of the substituents. Indeed, it is a
meaningful topic in the field of CO, copolymerization that the
regioselective ring-opening reaction happens at CH, site of the
epoxides with alkyl group (e.g., B) during copolymerization with
CO,. The Lu group has reported an elegant work on
regioselective CO,/B copolymerization through subtle design
of bifunctional (Salen)Co(IIT) complexes.'® In the present work,
Zn—Co(III) DMCC is active for many epoxides to copolymerize
with CO,, which provides a chance to look into the substituent
effects of the epoxide on the regioselectivity of the CO,/epoxide
copolymerization.

Glass Transition Temperatures (7ys). The epoxide
substituents had a strong impact on the Ts of the CO,/epoxide
copolymers (Figure 6). The T,s of the copolymers ranged from
—38 to +84 °C, depending on the substituent groups of the
epoxide. The T,s of the copolymers with side linear groups
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Figure 6. Substituent effect of the epoxides on the glass transition
temperatures (Tgs) of the resulting CO,/epoxide copolymers (Fco, =
91.5-99%; M, = 6.6—93.2 kg/mol).

decreased from +6 to —38 °C with increasing lengths of the side
chain from C2 to C10 because the longer side linear alkyl group
caused stronger plasticizing effects and regioirregular micro-
structures. Herein, the T, of the CO,/C copolymer was 6 °C,
which was lower than that of fully alternating CO,/C copolymer
(i.e, 9 °C)."* Importantly, it is also possible to regulate T, of the
COz/epomde copolymer via Zn—Co(Ill) DMCC catalysm by
tuning the reaction temperature and CO, pressure. 2952

For copolymers with side branched alkyl and aryl groups, the
T,s increased from 3§ to 84 °C with increasing steric hindrance
(1 e., carbon numbers C2, C4, and C6 to C7) of the substituent
groups. This could effectively inhibit the free rotation of the
backbone. Moreover, the CO,/K and CO,/J cogolymers with
regioregular microstructures improved the Tgs The copoly-
mers with branched side groups had higher T,s than their linear
counterparts. This is seen when comparing the CO,/C
copolymer (6 °C) with CO,/G copolymer (35 °C), CO,/D
copolymer (—18 °C) with CO,/H copolymer (53 °C) and CO,/
E copolymer (—27 °C) with CO,/I (84 °C) copolymer.

DOI: 10.1021/ma5023742
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Therefore, various CO,/epoxide copolymers with wide T, ranges
from —38 to 84 °C could be obtained with the Zn—Co(III)
DMCC catalyst. These could potentially be used as elastomers or
plastics.>**>%3

B CONCLUSIONS

The substituent effect of the epoxides on CO,/epoxide
copolymerization with nanosized Zn—Co(IlI) DMCC was
systematically investigated. The Fco, of the resulting CO,/

epoxide copolymers was determined by the steric effect of the
substituents of the epoxides, while the regioselective CO,/
epoxide copolymerization was dominated by the electron
induction effect of the substituents. The electron-withdrawing
group could effectively induce the regioselective copolymeriza-
tion. A new regioselective reaction at the CH, site of CO,/
isobutene oxide copolymerization was observed and attributed to
the strong electron-donating ability of the two methyls of
isobutene oxide. The correlation of T, with the substituents of
the CO,/epoxide copolymers was discussed. Various CO,/
epoxide copolymers with a wide range of the T, values (—38 to
+84 °C) were obtained.
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ABSTRACT: We report the first example of a regioregular and fully
alternating poly (propylene monothiocarbonate) (PPMTC) from the
well-controlled copolymerization of two asymmetric monomers, carbonyl

(o]
(S)J\OJ\’), +

99%

(Salen)Cr-CI/[PPN]CI
—_—
25°C

S$=C:0 + &\

i3

sulfide and racemic propylene oxide, using (Salen)CrCl in conjunction

with bis(triphenylphosphoranylidene)ammonium chloride. The maxi-
mum turnover of frequency of this catalyst system was 332 h™" at 25 °C.
The contents of monothiocarbonate and tail-to-head linkages of PPMTC
were up to 100% (based on 'H NMR spectra) and 99.0% (based on *C
NMR spectra), respectively. PPMTC samples have number-average
molecular weight (M,) up to 25.3 kg/mol with polydispersity index of
1.41. The very low decomposition temperature of 137 °C and high
refractive index of 1.63 of PPMTC make it a potential scarifying optical

adhesive.

B INTRODUCTION

Carbonyl sulfide (COS) is released from the burning of fossil
tuels, coal gas, many chemical processes, volcanic eruption, and
plant or protein corruption. Although the COS concentration
in the troposphere is currently fairly low (~5S00 ppt), it causes
acid rain and damage of the ozonosphere by a series of
photochemical reactions." However, as an asymmetric organo-
sulfur compound with heterocumulene structure, it is an
resource of C=O or C=S groups for organic synthetic
chemistry.” The fixation of COS to chemicals is an intriguing
and promising topic in chemistry, but very few publications are
reported to date.”

Because COS is structurally an analogue of CO, (and CS,),
we were strongly motivated to convert COS into polymers, in a
way similar with the CO,—epoxide copolymerization,*
producing poly(thiocarbonate). This polymeric material has
the potential to be applied as photoconductive fiber, heavy
metal scavengers, and adhesives because of its high optical
properties, excellent chemical resistance, and heavy-metal
recognition ability.” Although polycondensation,’ ring—openin§
polymerization (ROP),” and alternating copolymerization®”
(Scheme S1 in the Supporting Information) have been utilized
to synthesize poly(thiocarbonate)s, the synthesis of regiore-
gular poly(monothiocarbonate) with asymmetric unit from
direct alternating COS-epoxide copolymerization has, up until
now, not been reported.

The chemistry involved in COS—epoxide copolymerization
process will have all of the issues of CO,—epoxide
copolymerization, including the activity, copolymer selectivity,
regioselectivity (for terminated epoxides), enantioselectivity,
and control of molecular weight and polydispersity index

-4 ACS Publications  © 2013 American Chemical Society
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(PDI).* Moreover, two special problems will be raised when a
terminated epoxide (herein propylene oxide, PO) is applied, as
shown in Scheme 1.

One is that the oxygen—sulfur exchange reaction (O/S ER)
between COS and PO will generate CO, and propylene sulfide
(PS) in the system.*® The crossed copolymerization of the
coexistent species (i.e., PO, COS, CO,, and PS; see Table S1 in
the Supporting Information) might occur and produce a
copolymer with possible units as 1—4 (and cyclic products 1'—
4") in Scheme 1, if assuming preferential coordination of the
sulfur atom of COS to the active center (route A in Scheme 1).

The other is the stereochemistry control of COS-PO
copolymerization involving the two asymmetric monomers.
The coordination of the sulfur or oxygen atom of COS to the
active center (route A or B in Scheme 1) will generate —SC(=
0)O— and —OC(=S)O— units (5) and cyclic byproduct (5'),
respectively. The occurrence of O/S ER will probably cause the
generation of 6 and 6’. Meanwhile, the attacking manner of
propagating species of —OC(=0)S— via route A to the carbon
of CH, or CH of PO will produce four kinds of consecutive
monothiocarbonate diads: head-to-tail (H—T), tail-to-head
(T—H), tail-to-tail (T—T), and head-to-head (H—H). Note
that T—H diad is different from H—T diad due to asymmetric
monothiocarbonate structure. All predicted units in the
copolymer and cyclic (thio) carbonates are listed in Scheme 1.

Therefore, the selectivity of monothiocarbonate unit 1
depends on the depression extent of O/S ER. We hypothesized
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Scheme 1. Prediction of All Possible Products from COS-PO Copolymerization®
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“Upper: If O—S exchange reaction occurs during copolymerization, 1—6 and byproducts 1’-6" will be formed by the attack of propagating species to
CH, of PO. Bottom: Four possible diads of the COS-PO copolymer formed by various regioselective attacks after route A.

that metal-OH could result in O/S ER because it was very
active to transform CS, (or COS) to COS (or CO,) in the
presence of water.” Because metal—OH could be generated in
our system via chain-transfer reaction of propagating species to
trace water,'"® O/S ER could be eliminated by depressing the
chain transfer reaction.

In this work, we report the synthesis of a regioregular and
fully alternating poly(propylene monothiocarbonate)
(PPMTC) by using (Salen)CrCl complexes as the catalysts
and the confirmation of the above hypothesis. Several
(Salen)CrCl complexes with various diamine backbones (a—
c) were employed (Figure 1) for COS—PO copolymerization
in the presence of organic bases (Figure 1, Table S2 in the
Supporting Information) because they could catalyze CS,—
epoxides® (and PS*¢) copolymerization and regioselective
CO,—epoxide copolymerization.'**

=N N= Ph Ph +
/Cr\ /
tBu o” | ~o tBu Ph—P=—=N=—R—Ph | CI
Cl
tBu tBu Ph Ph

a: Ry + Ry = «(C4Hy)-;
b:R;=R,=H;

c: Ry + Ry = trans -(CHy)4-; [PPNICI

Figure 1. Binary (Salen)CrCl complex/bis(triphenylphosphoranyl-
idene) ammonium chloride ([PPN]CI) catalyst system used for COS-
PO copolymerization.

5900

B EXPERIMENTAL SECTION

Method and Materials. All procedures involving air- or moisture-
sensitive compounds were carried out in a glovebox under a dry argon
atmosphere or with the standard Schlenk technique under dry argon.
Propylene oxide (PO) was distilled under a nitrogen atmosphere after
drying over CaH,. COS (99.5%) was purchased from the Mixed Gases
Company of Hangzhou New Century and used as received. All of the
solvents used were distilled under a nitrogen atmosphere from CaH,
prior to use. Most of other reagents were used without further
purification unless otherwise specified. 'H and '*C NMR spectra of the
resultant copolymers were performed on a Bruker Advance DMX 400
MHz spectrometer. Chemical shift values were referenced to TMS as
internal standard at 0.0 ppm for '"H NMR (400 MHz) and against
CDCl; at 77.0 ppm for *C NMR (100 MHz, part of samples was
characterized by 125 MHz NMR). Molecular weights and molecular
weight distributions of the resultant copolymers were determined with
a PL-GPC220 chromatograph (Polymer Laboratories) equipped with
an HP 1100 pump from Agilent Technologies. The GPC columns
were eluted with THF with 1.0 mL/min at 40 °C. The sample
concentration was 0.4 wt %, and the injection volume was 100 uL.
Calibration was performed using monodisperse polystyrene standards
covering the molecular-weight range from 580 to 460 000 Da. Infrared
spectra were recorded by using a Bruker Vector 22 FT-IR
spectrophotometer. The glass transition temperature (T,) of the
resultant copolymer was determined by using a TA DSC-Q200
differential scanning calorimetry (DSC). The sample was heated in
two cycles from room temperature to 80 °C at a rate of 5 °C/min in a
nitrogen atmosphere. T, was determined from the second run.
Thermogravimetric analysis (TGA) was carried out on a Perkin-Elmer
Pyris 1 instrument under a N, atmosphere at a heating rate of 10 °C/
min from room temperature to 400 °C. Samples for thermal analyses
were all purified. The refractive index (nD) was measured by Abbe

dx.doi.org/10.1021/ma401114m | Macromolecules 2013, 46, 5899—5904
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Table 1. Rac-PO/COS Copolymerization Results”

(0]

. O  (Salen)CrCl + [PPN[CI o J\/f
S=C=0 + A\ 25°C, 3h Mo n T s\ij\z
copolymer PPMTC linkages T-H linkagesd O/S ER M, PDI
entry catalyst cocatalyst TOF (h™')® selectivity” (%)° (%) product® (kg/mol)’ M, /M)

1 a [PPN]CI 288 99/1 100 98.9 N.F. 24.4 1.26
2 a N.D. N.D. N.D. N.D. N.D. N.D. N.D.
3 [PPN]CL N.D. N.D. N.D. N.D. N.D. N.D. N.D.
4 b [PPN]CI 310 99/1 100 99.0 N.F. 219 1.35
5 c [PPN]CI 332 99/1 100 98.6 NE. 25.3 141
65 c [PPN]CI 266 77/23 100 98.1 F 12.3 1.29
7" c [PPN]CI 274 97/3 100 94.7 N.F. 6.6 1.06
8l c [PPN]CI 290 98/2 100 952 NF. 73 1.05
9 c [PPN]CI 282 97/3 100 97.6 N.E. 7.5 107

“Reaction was performed in neat PO gﬂ2.0 mL, 28.6 mmol; catalyst/cocatalyst = 1/1, catalyst/PO = 1/1000, COS/PO = 2/1, all in molar ratio) in a

10 mL autoclave at 25 °C for 3.0 h.

(Mol epoxide consumed)/(mol Cr h). “Determined by using '"H NMR spectroscopy (Figure S1—S in the

Supporting Information). The polymer selectivity is the molar ratio of polymer 1/cyclic product. The PPMTC linkages are the molar percentage of
monothiocarbonate linkage in polymer chain. “Determined by using *C NMR spectroscopy. “Determined by using *C NMR spectroscopy. O/S
ER = oxygen—sulfur exchange reaction. N.F. = not found and F = found. "Determined by gel permeation chromatography in THEF, calibrated with
polystyrene standards. ¥Reaction temperature was 60 °C. "(8)-PO was used. ‘(R)-PO was used. /75%(S)-PO/25%(R)-PO was used.

< = 8
O c u!‘: © -
< oy
'S~ O a ¥ 1] c
b
a
CDCl; J\ ™S
8 S 8
= o 0
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T
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1 (ppm)

Figure 2. 'H NMR spectrum of the crude product of entry 1 in Table 1.

refractometer. Electrospray ionization-tandem mass spectrometry
(ESI-MS) analyses were performed on an Esquire3000 plus mass
spectrometer using acetonitrile (CH;CN) as a solvent for the
copolymer. Raman spectra were recorded by using a RM2000 laser
Raman spectrometer (powder sample, the measurement range was
100—4000 cm™ resolution of 1 cm™). The catalysts (Salen)CrCl a:
N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-benzenediamino chromium-
(D) chloride, b: N,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-ethylene-
diamino chromium(III) chloride, and c: (1R2R) NN'-bis(3,5-di-tert-
butylsalicylidene)-1,2-cyclohexanediamino chromium(III) chloride
were synthesized according to the literature method."!
Copolymerization of PO with COS. The copolymerization of
PO/COS was performed in a 10 mL autoclave equipped with a
magnetic stirrer and a barometer. The (Salen)CrCl complex a (17.9
mg, 2.86 X 107> mmol), [PPN]CI (16.43 mg, 2.86 X 10~ mmol), and
PO (2.00 mL, 28.6 mmol) were transferred into the autoclave, which
was completely dried in advance. The autoclave was pressurized to the
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appropriate pressure with COS, and the reaction mixture was stirred at
25 °C for 3.0 h. After copolymerization, the autoclave was cooled and
the pressure was slowly vented. The reaction mixture was dried in
vacuum at 50 °C for isolating the unreacted reactants and weighed to
calculate the TOF of the copolymerization. An aliquot was then taken
from the resulting crude product for the determination of the ratio of
copolymer 1/cyclic product 1’ by "H NMR spectrum. After that, the
crude product was dissolved in CH,Cl, (10 mL) and precipitated from
methanol (100 mL) three more times. Yellowish precipitate was
collected and dried in vacuum at 70 °C to constant weight. The
obtained copolymer was analyzed by 'H NMR, *C NMR, FT-IR
spectroscopy, and GPC. 'H NMR (CDCl;) § 5.19-5.13 (m, 1H),
3.16-3.00 (m, 2H), 1.37 (d, J = 6.3 Hz, 3H). *C NMR (CDCL,) &
169.58, 73.45, 35.75, 19.01. [propylene monothiocarbonate 1': 'H
NMR (CDCl;) 4.87—4.79 (m, 1H), 3.57-3.53 (m, 1H), 3.28—3.23
(m, 1H), 1.54 (d, ] = 6.2 Hz, 3H)].

dx.doi.org/10.1021/ma401114m | Macromolecules 2013, 46, 5899—5904
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B RESULTS AND DISCUSSION

Catalyst a/[PPN]CI with a molar ratio of 1.0 was successfully
applied to COS-PO copolymerization with a TOF of 288 (i.e.:
PO conversion: 86.4%, entry 1 in Table 1). Blank reactions
showed that a or [PPN]CI did not solely catalyze COS—PO
copolymerization (entries 2 to 3, Table 1). The selectivity of
copolymer 1/cyclic thiocarbonte was 99/1 based on the 'H
NMR spectrum (Figure 2). The alternating degree of the
resultant copolymer 1 was estimated to be >99% because no
ether units were observed from the '"H NMR spectrum. No O/
S ER had occurred, as confirmed by *C NMR spectrum
(Figure Slc in the Supporting Information). One peak at
169.64 ppm was observed, which was ascribed to the carbon
atom of monothiocarbonate linkage (—S(O)CO-—, 1).7b8
Hence, the copolymer 1 was fully alternating and named
poly(propylene monothiocarbonate) (PPMTC). The number-
average molecular weight (M,) of copolymer 1 was 24.4 kg/
mol with a narrow PDI of 1.26.

Catalysts b and ¢ could also catalyze COS-PO copolymeriza-
tion in the presence of [PPN]CI at 25 °C with high TOFs
(entries 4 and S with TOFs of 310 and 332, respectively, Table
1). For the copolymer of entry S, only one peak at 169.64 ppm
was observed from *C NMR spectrum (curve A in Figure 3),

(o] (o]
* )(i oy 2 s o o)ko
t o ooy (P
1 2 1 2
. 9 . o} o o)
fs*sj\% o™ J\%
. fo4s s)ks O)ks
, 1"and 4' 3 3
3 3 ™~ >
Lo ) L2
BIC/[PPNICIat60°C
A: ¢/[PPNCI at 25 °C
r T T T T T T T T T T T T 1
220 210 200 190 180 170 160 150 140

Chemical shift (ppm)

Figure 3. *C NMR spectra of carbonyl region of the crude products
(entries 5 and 6 in Table 1). The formation of 1—4 and 1’-4’ is shown
in Scheme 1 and Table S1 in the Supporting Information.

which could be ascribed to —SC(=0)O— (1 and/or 4).5°
However, when the COS/PO copolymerization was catalyzed
by ¢/[PPN]Cl system at 60 °C (entry 6), considerable amounts
of cyclic products (23 wt %) were collected, which were evident
by the *C NMR and '"H NMR spectra (curve B in Figure 3,
Figure S4 in the Supporting Information) of the crude product.
As seen in curve B in Figure 3, the products mentioned in
Scheme 1 such as —SC(=0)S— (188.04 ppm, 3), —OC(=
0)O— (153.48 ppm, 2), —SC(=0)0O— (169.64 ppm, 1 and/
or 4), and cyclic byproducts of 3’ (197.59 ppm), 1’ and 4’
(172.59 ppm), and 2’ (154.92 ppm)® were observed.
Moreover, 4’ was confirmed by GC-MS technique (Figure S7
in the Supporting Information). These results indicated that the
high reaction temperature will cause the occurrence of O/S ER
and weaken the selectivity of the monothoicarbonate units.

A series of COS/PO copolymerization were also investigated
with various COS/PO molar ratios, solvents, and cocatalysts
(Table S2 in the Supporting Information). The polymerization
kinetics showed a linear increase in M, with increasing reaction
times (Figure S8 in the Supporting Information). The catalyst
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¢/[PPN]Cl was proven to be the best binary catalyst for
producing PPMTC with fully alternating degree and the
complete depression of O/S ER.

The occurrence of O/S ER at 60 °C intrigued us to probe
the structural change of the catalyst during the reaction. As
previously mentioned, [Cr]—OH would be generated in our
system via the chain transfer reaction. The produced [Cr]—OH
could catalyze O/S ER in a proposed way, as shown in Scheme
2 and Scheme S2 in the Supporting Information. Such chain-

Scheme 2. Proposed Mechanism of the O/S ER during COS-
PO Copolymerization

@OJ\/P" o OH + HOJ\/P"

‘cos
c<H JoH
— s H
o o T o7
s=C coo

transfer reaction can be accelerated by either increasing
reaction temperature or introducing greater amounts of water
(or compounds with active protons) into the system. Herein,
the generation of CO, was confirmed by the observation of
carbonate unit —OC(=0)O— and cyclic carbonate (curve B in
Figure 3, Figures S4 and S7 in the Supporting Information),
which may support the occurrence of chain-transfer reaction
and the production of [Cr]—OH.

For further clarifying the structural change of (Salen)CrCl
complex and following O/S ER induced by chain-transfer
reaction during copolymerization, a series of control experi-
ments were carried out by adding certain amounts of water to
the reaction system, as shown in Table 2 (*H and *C NMR
spectra, see Figures S9—13 in the Supporting Information).
When the molar ratios of H,O/PO were 1/200 to 1/33, the
TOFs, the selectivity, and the alternating degrees of the
resultant copolymers remained nearly the same, while M, of the
resultant copolymers decreased clearly and PDI remained
narrow. These phenomena were typical for the copolymeriza-
tion with predominant chain-transfer reaction, which was
similar to CO,—PO copolymerization.'”'> We also observed
that O/S ER took place when the H,0O/PO molar ratio >1/50
(entries 3—5 in Table 2). The FT-IR (Figure S14 in the
Supporting Information) and Raman (Figure S15 in the
Supporting Information) spectra of the copolymer from entry
5 of Table 2 showed that it contained end —OH (3540 cm™" in
FT-IR) and —SH groups (2665 cm™ in Raman spectrum). ESI-
MS spectrum (Figure S16 in the Supporting Information) of
this copolymer showed that it had three kinds of m/z species,
which represented three copolymers of (i) H-PO-(COS-PO),-
SH + Na*, (i) H-PO-(COS-PO),-OH + Na*, and (iii) H-PO-
(COS-PO),-(COS-PS)-SH+ Na* with relative abundance ratio
of 100:18:7. No observation of copolymer with —Cl end group
indicated that the chain-transfer reaction was very fast in the
presence of considerable amounts of water.

The observation of copolymer with end —SH group
confirmed the generation of [Cr]—SH, which initiated the
COS—PO copolymerization. As a result, the transformation of
[Cr]—Cl of (Salen)CrCl complex to [Cr]—OH, which could be
converted to [Cr]—SH by O/S ER, was resulted from the

dx.doi.org/10.1021/ma401114m | Macromolecules 2013, 46, 5899—5904
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Table 2. Rac-PO/COS Copolymerization in the Presence of Various Amounts of Water”

H,0 H,0:PO TOF® copolymer PPMTC linkages® T-H linkages” 0/S ER M PDY
entry  (uL) (molar ratio) () selectivity” (mol %) (%) product® (kg/ mol) (M,/M,)
1 2.5 1/200 274 99/1 99 97.6 N.F. 9.5 1.12
2 S.0 1/100 282 99/1 99 97.1 N.F. 8.1 1.08
3 10.0 1/50 288 98/2 99 92.8 F 5.2 1.06
4 15.0 1/33 266 90/10 98 90.9 F 39 1.06
S 30.0 1/17 157 86/14 86 76.0 F 12 1.15

“Reaction was performed in neat PO (2.0 mL, 28.6 mmol; a/[PPN]Cl = 1/1, catalyst/PO = 1/1000, COS/PO = 2/1, all in molar ratio) in a 10 mL
autoclave at 25 °C for 3.0 h. *(Mol epoxide consumed)/(mol Cr h). “Determined by using "H NMR spectroscopy (Figures S9—13 in the Supporting
Information). The polymer selectivity is the molar ratio of polymer 1/cyclic product. The PPMTC linkages are the molar percentage of

monothiocarbonate linkage in polymer chain.

“Determined by using *C NMR spectroscopy (Figure S9—13 in the Supporting Information).

“Determined by using *C NMR spectroscopy (Figure $9—13 in the Supporting Information). O/S ER = oxygen—sulfur exchange reaction. N.F. =
not found and F = found. /Determined by gel permeation chromatography in THF, calibrated with polystyrene standards.

chain-transfer reaction (Scheme S2 in the Supporting
Information).

Under the premise of the complete depression of O/S ER,
the stereochemistry of COS-PO copolymerization can be
clarified. The units of —OC(=S)O— (5), —SC(=S)0— (6),
and corresponding cyclic products of §' and 6’ were not
observed in *C NMR spectra of all copolymers listed in Tables
1 and 2. It indicated that the insertion path B in Scheme 1 was
totally prohibited. That is, the coordination of the sulfur atom
of COS to the active center was completely selective. As a
result, only one propagating species (—OC(=0)S~, via route
A) existed before PO insertion. The nucleophilic attack of
—0OC(=0)S™ to CH, or CH of PO determines the
regioregularity of the resultant copolymer (Scheme 1 and
Scheme S3 in the Supporting Information).

It seems hard to accurately assign the multiple peaks of
—SC(=0)O— unit [curve (A), Figure 4] to the various

9 T-H
\ésJ\o/%\/s o atactic T-H
\[0( \§/\}\ A) Rac-PO
o)
\fsJ\on\/s\n/o\:s/ﬁ\ (S) isotactic T-H \ TH
o z
T-T L (B) (8-Po
o
ﬂ (R) isotactic T-| H
TT L (©) (R-PO

(D)
75%(S)-POI25%(R)-PO

J\ }\/5\ﬂ/ E/ﬁ\ atacuﬂHﬂL

r
171.0 1705 1700 1695

ppm

169 0 168.5

Figure 4. Carbonyl region of the C NMR spectra of PPMTC
resulted from (A) rac-PO/COS (entry 6, Table 1) and (B) (S)-PO/
COS (entry 7, Table 1); (C) (R)-PO/COS (entry 8, Table 1) and (D)
75%(S)-PO/25%(R)-PO/COS (entry 9, Table 1). Note that (S)-PO,
(R)-PO, and 75%(S)-PO/25%(R)-PO were used without further
purification.

microstructures (i.e, H-T, T—H, T—T, and H—H diads) of
the copolymer 6 (entry 6, Table 1). If the cyclic
monothiocarbonate could be predominantly generated via the
backbiting from the anionic alkoxy—chain end,'® as shown in
Scheme 3, then the molar ratio of cyclic monothiocarbonates 1’
to 4’ could represent the molar ratio of the units —OC(=0)
SCH,CH(CH;)O- to —OC(=0)SCH(CH,;)CH,0— in the
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copolymer. GC-MS measurements were then carried out to
clearly differentiate 1’ and 4’, and the diads of the copolymer
could be deduced. The GC-MS results showed that the molar
ratio of cyclic monothiocarbonates 1’ to 4’ was 40 for the
system of entry 6 in Table 1, as shown in Figure S7 in the
Supporting Information, indicating that the —OC(=0)S
CH,CH (CH;)O— unit was the main structure of the
copolymer even if O/S ER had occurred. Furthermore, the
content of T—H diad of copolymer 6 was estimated to be
97.6% from the molar ratio of 1'/(1’° + 4’), which was
consistent with that of 98.1% calculated from “C NMR
spectrum (entry 6 in Table 1). The multiple peaks at 169.64
ppm could be then assigned to the T-H diad. The content of T-
H diad in all copolymers in Table 1 was calculated as 98.1 to
99.0%, indicating that the copolymerization was highly
regioselective.

For further demonstrating the unique regioregularity of
PPMTC, (S)-PO, (R)-PO, and 75%(S)-PO/25%(R)-PO were
copolymerized with COS by using the catalyst c/[PPN]CI
(entries 7—9, Table 1). Note that (S)-PO, (R)-PO, and
75%(S)-PO/25%( R)-PO were used without further purifica-
tion. The (S) [or (R)]-configuration of methine carbon of (S)
[or (R)]-PO was expected to be retained after copolymeriza-
tion if just a—a propagating manner took place. Hence, the
isotactic T—H diad would be the only configuration of the
resultant copolymer and will cause one single peak in its *C
NMR spectrum. This expectation was proved by the *C NMR
spectrum of COS/(S)-PO copolymer and COS/(R)-PO
copolymer, as shown in curves (B) and (C) in Figure 4.
Moreover, the copolymer from COS with 75% (S)-PO/25%
(R)-PO presented similar multiple peaks as those observed for
rac-PO/COS copolymer [curve (A), Figure 4], and the sharp
peak at right-hand [(S) isotactic T-H diad, curve (D)] became
relative stronger because of greater amounts of (S)-PO in the
system.

The obtained PPMTC is highly soluble in common solvents,
such as, CH,Cl,, CHCl;, and THF. The glass-transition
temperature (T,) of PPMTC of entry 7 in Table 1 was 22.4
°C (Figure Sl7 in the Supporting Information). Interestingly,
the initial decomposition temperature of this copolymer was
137 °C and rather low (Figure 5). Refractive index (nD) of this
copolymer was measured to be 1.63(22 °C, cast film), which
can be classified into polymers with large refractive index. Such
low decomposition temperature and high refractive index of
PPMTC make it a potential scarifying optical adhesive.

In conclusion, the regioselective and alternating copoly-
merization of COS and PO are reported for the first time using
the binary (Salen)CrCl/[PPN]CI catalyst system. The O/S ER

dx.doi.org/10.1021/ma401114m | Macromolecules 2013, 46, 5899—5904
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Scheme 3. Proposed Production of Cyclic Monothiocaarbonate 1’ and 4 by “Backbiting” Mechanism
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Figure 5. TGA curve of the COS-PO copolymer (entry 1, Table 1).

could be completely inhibited at 25 °C. The resultant
copolymers had 98.1 to 99.0% T—H linkages and full
alternating asymmetric monothiocarbonate units. Importantly,
it also presented a new copolymerization model involved two
asymmetric monomers.
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17
TABLE 3

18

The terpolymerization of two epoxides and CO2

temperature  pressure epoxide | epoxide 2 catalytic content of alternative M.,

No. (“C) (MPa) (mL) {ml.) activity  cPC (%)  degree  (10°%) PDI
15 75 40 CHO/5 VCHO/15 1230 0 94.4 13.5 2.5
16 50 50 CHO/S PO/45 1400 <2 91.8 8.5 20
17 60 4.0 CHOY PO/60 1550 <2 95.0 10.5 1.9
18 70 40 CHOf PO/B0O 1300 <2 93.0 8.5 2.2
19 50 40  CHOMNO  PO/MGO 1344 <l 94.0 0.9 22
20 50 6.0 CHO/7 POGO 1480 <l 98.0 20.6 24

T,s of Nos. 16, 17, 18. 19 and 20 in Table 3 are 42.3° C..
41.2°C.,43.6° C.,44.4° C. and 44.7° C., respectively (DSC
method, 10° C./min, taken from the thermal transition of the
second curve), see curves 2~6 in FIG. 6. '"HNMR spectrum of
the crude terpolymer of COL/PO/CHO in No, 20 was shown
in FIG. 5. The chemical shifts at 4.9 ppm and 4.4 ppm are
ascribed to the methine and methylene protons of propylene
carbonate unitand cyclohexene carbonate unit, while 4.5 ppm
and 3.5~3.7 ppm are ascribed to the methine protons of cyclic
carbonate and methylene and methine protons of ether unit,
respectively. As shown in Table 1, the intensity of peaks at 4.5
ppm and 3.5~3.7 ppm is rather low. suggesting the contents of
cyclic carbonate byproduct and polyether in the crude prod-
uct was also rather low.

Example 11

The catalyst employed in this example was prepared
according to Example 1. Step polymerization was adopted for
epoxides homopolymerization in this example.

7.0 mg of catalyst and 20 g of starting material (PPG-400)
were added into a 500-mL stainless steel autoclave reactor,
then the reactor was heated to 1107 C. and N,-vacuum cycle
was carried out repeatedly for removing the trace water for
0.5 hours. After the autoclave was further heated 1o 120° C..
PO (10 mL) was injected into autoclave using a4 metering
pump. After the pressure of the system decreased dramati-
cally (18 minutes), PO monomer (100 mL) was injected into
autoclave in batches with 10 mL PO for each time within 5 h,
After the reaction, the pressure was reduced to remove the
remaining monomer. A viscous liquid product was then
obtained,

M,=3.8 kDa, PDI=1.08. The percentage of the product
with M, >100 kDa in the final product was below 500 ppm.
while those of PO ROP catalyzed by traditional DMC catalyst
was generally >1000 ppm,

The catalytic activity was 51.5 kg polyether/g catalyst.

Example 12

The catalyst employed in this example was prepared

according to Example 4. The catalyst was adopted for 5:

epoxides/anhydride copolymerization in this example.

Prior (0 polymerization reaction, a 60-mL autoclave was
dried under vacuum at 110° C. for 2 hours for removing trace
walter. and cooled to room temperature in the drying tower. 3.0
mg of the catalyst, 2.0 g of maleic anhydride, 4 mL of cyclo-
hexene oxide and 4.0 mL of tetrahydrofuran were added into
the autoclave. The reactor was sealed and then heated in an oil
bath to a temperature of 90° C. for reaction for 5 hours with
magnetic stirring. After the reaction, the autoclave was rap-
idly cooled down and the pressure was vented. Crude product
was removed. The pressure was reduced and solvents were
removed, then the crude product was solved in THF and
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precipitated by methanol, then dried under vacuum (o obtain
a yellow product, which was weighed to calculate the con-
version. The content of polyether unit and polyester unit was
caleulated from "HNMR spectrum,

M, =24,000. PDI=1.6. Alternative degree: 96%. The final
catalytic activity was 3.2 kg polyether/g catalyst. The glass
transition lemperature is 82° C,

Example 13

The catalyst employed in this example was prepared
according to Example 4. The catalyst was adopted for
epoxides/anhydride/CO,, terpolymerization in this example.

Prior to polymerization reaction, a 100-mL autoclave was
dried under vacuum at 110° C. for 2 hours for removing trace
waler. 10.0 mg of catalyst, 4.0 g of maleic anhydride, 40 mL
of cyclohexene oxide and 40 mL of letrahydroluran were
sequentially added into the autoclave. The reactor was sealed.
CO, was added to a desired pressure of 4.0 MPa, The reaction
was performed for 5 h with stirring. After the reaction. the
autoclave was rapidly cooled down and pressure was vented.
Crude products were removed. The products were dissolved
with methylene dichloride and precipitated by methanol, then
the yellow produets were dried under vacuum, The conver-
sion was calculated from weight of the products. The content
of polyether unit and polyester unit was calculated from
"HNMR spectrum.

M;=30,000, PDI=1.8. Alternative degree was 98%. The
final catalytic activity was 5.6 kg polyether/g catalyst. The
glass transition temperature is 108° C.

The invention claimed is:

1. A process for preparing a metal cyanide complex cata-
lysts comprising the following steps:

step 12 a solution I' is prepared by mixing a cyanide metal

saltof formula (2) into a mixture of L3, de-ionized water
1. alcohol and/or ether solvents, and the pH value of the
solution I' is then adjusted to less than 7.0; a solution 11
is comprised ol M’{X)” salt, Su or Su precursors, de-
ionized water I1: the solution I' and the solution II' are
then mixed by adding the solution I' into the solution IT'
under stirring at 0~120° C. for (1.5~200 hour. the result-
anl precipitate is separated and dried,

M, IMZ(CN), L1, ], 2)

wherein, M* is an alkali metal ion, alkali carth metal jon or
hydrogen ion, ¢ and f are positive numbers, M2, L1, b,
and ¢ are the same as (1) described below.

wherein, L3, M', X and Su are the same as in formula (1),
gislor2,

in the mixed solution I', molar ratio of the cyanide metal
sall of formula (2) and de-ionized water 1 is 0.005-2
g/mL. the weight ratio of L3 and de-ionized water 1 is
0~40% the volume fraction of alcohol and/or ether with
the de-ionized water I is 0~2,
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in the mixed solution 11", molar ratio of M'(X ), salt/de-
ionized water 11 is 0.05~1 g/1 mL, molar ratio of the
cyanide metal salt of formula (2)/M'(X), saltis 1/1~50,
mass ratio of the cyanide metal salt of formula (2) and Su
(or Su precursor) is 1/0~20,

step 2: solid product prepared from step 1 is dissolved and
reslurried in an anhydrous organic solvent containing L2
for several times, molar ratio of L2/the cyanide metal
salt of formula (2) is 0.1-10, slurry temperature is
20~120° C., and slurry time is 0.5-200 h. slurry action
being under an inert atmosphere or closed reactive ves-
sel. then the metal cyanide complex catalyst is obtained
by a distillation, separation and drying processes:
wherein the metal cyanide complex catalyst has the for-
mula:

M IMA(CN), L], (1.2),, x8u.vL32H,0 (n

wherein,

M is a divalent metal ion, which is selected from one of

Zn’*, Co™, Ni** or Fe;

M? is a divalent or trivalent metal on (not including Fe™ or
Fe*"), which is selected from one of Co™, Ni**, Cd™,
Cr** or Mn™;

L1 is an internal ligand which coordinates with M?, it is
selected from one or two of mono-dentate ligands with
N. 0. P or S as a coordinate atom, bi-dentate ligands with
0, S. P or N as a coordinate atom or halide anions:

X is an anion sclected from one or more of F-, CI7, Br. I,
OAc, SO,”, NO, . aryloxy anions, and organic car-
boxylic ions:

1.2 is an electron-donating neutral ligand with N, O, P and
S as a coordinated atom, and coordinated with M';

Su is selected from one or more of halides. sulfates and
nitrates of the A and IIA group metal elements,
lithium halide salts, silicon dioxide, titanium dioxide:
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L3 is a water-soluble polymer, a polymer that can sell
assembly in a mixed solution of water and alcohol. or a
mixed solution of water and ether, or a mixed solution of
water, alcohol and ether;

a and d are positive numbers, b is positive integer, ¢ is 0, |
or 2, mand n are positive numbers. x, y and z are zero or
positive numbers, and a:d=1~4, amn=0.001~5.

2. The process according to claim 1, wherein molar ratio of
the eyanide metal salt of formula (2)/M i()(]lk_ saltis 1/1=30in
step 1. '

3. The process according to claim 1, wherein the volume
fraction of alcohol and/or ether with the de-ionized water 1in
mixed solution I'is 0-0.8 in step 1.

4. The process according to claim 1, wherein the slurry
temperature is 40~-100° C. in step 2.

5. The process according to claim 1, wherein in step 2, the
anhydrous organic solvent containing 1.2 and M'(X),, salt, the
molar ratio of M'(X ), salt to cyanide metal salt of formula (2)
is 0~2.

6. The metal cyanide complex catalysts are described
according to claim 1, wherein the electron-donating ncutral
ligand L2 is selected from the group consisting of N-alkyl
imidazoles, N-aryl imidazoles, bipyridyl, pyridine. aliphatic
pitriles. aromatic nitriles, N,N'-dialkyl amides, N,N'-diaryl
amides, N-substituted cyclic amides. sulfoxide or sulfone
compounds, organic carboxylates. ketones, cyclic ketones,
phosphates, all alkyl-substituted cyclotriphosphazenes. full-
aryl-substituted cyclotriphosphazenes, carbonates. cyclic
lactones, thioethers, cyclic carbonates or cyclic ethers.

7. The metal cyanide complex catalysts are described
according 1o claim 1, wherein their shape is nano lamellar or
nano spherical, and they have nanopores with an average
diameter of less than 100 nm.
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