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R 1, Atk A S s 5 55 — AN R 2 A (X—He-- YD, 8 % & A S8R A0 20T 796 1 9 T (X
YO AP R HL B PR A T B IR T AR 23 1 () SRR AT LR 2y 1 o SR LB RE B R 20 200k]/
mol, — B 5~30k]/mol. b — Ml 3L A 5 | B 5~ 5 70 <5 Je B BE AR 2/ NVESE TR S . SEE A T
H Gy 4 A% T vk K O o) PEAS B U2 M OGTE . ZE TR Al IR A A S L R P U T S A
TR ST A AR TAEC A Gl . 2005 4R, Kakuchi 5538 T —20°C R, SR FH GBS AR Jhy 175 77 ik
177 WAL TR T 8 (MMAD (1) ATRP, [6] i 52 80 T % 3 & 40 40 F ik Ko~ A B0 A P i 42 500 T 45
Kamigaito 55 F| FI B2 L BL T RAFT/MADIX G o N- 2 4y 5 0t 6 Joc B 5% 25 40 1) 20 2 R S7 AL R
i1 [ i 42 16 52006 4 Kamigaito 55 R ] T 2 o S8 B8 05 Tt e /DN 43— 1 (A FRODA TG 44 281 v i) L
r=T20)MREY . AR SCKE A AA TR AE S5 S 09 1] 35 A i B3R G G0 RAR
5 AU 5 19 20 1 ik ST A LR R ) 20 A1 Y B 4

1 AEHSTERERT N SET-LRP

H 2006 4F Percec % & MEM & J8 MM W ¥ 3 B R G (RS F B0 T R o 5 R 05 1 H
MRS SET-LRP) Lok O & il 7 B KA 0 . A0 55 15 A1 55 50 45 1 (CZ 3R R R s E 1D LD &
(A AL R R PR 2R G B R B RS PR R w4 TR A Y. Kakuchi 456 508 0 H T HY 3 9 4
fiz H g (MMAD () ATRP B4 BAM T4 B4 &Y . R SET-LRP (HLH , il & SET-LRP
MR, VEF UM T 1.1,1,3,3,3- /N #-2-NEE (1.1,1,3,3,3-hexafluoro-2-propanol, HFIP)
R MMA f SET-LRP' , 5% H i SET-LRP B 71 41 Fb (DMSO F1 DMF) . HFIP #4977 76 W] i $2
BT RA RN HCR (AR 0 3k —18° OO nl L) (WL D, LR EEM S, & HFIP %+ F . B4
Xt 43 (A4 1 R R 85 < 0 T A R B I T 84 R A A AR (AN 2 D . i ZE DMSO
HIRA YR A 2 Eig 0, U R A R AR K TR EE  RA LB AR R, HFIP &40 T . %
A W 1) [ 7 M B B L LR IR R B B R Ol 7T Y (HAR TAER R G MR MR AW o TR R
{18 J5E DR 30 o 1 3 1o S 30 45 T B A 14 i R

= HFIP
25r e DMSO
. S KpPP=0234 1]
20}
KPP =0.294 b1 ]
S 15}
S 1o} KpaP=0.116h'
= ]
05f =
]
0.0 ;
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time (h)

K1 RREER B MMA 248 In(CM], /LMD BER 18] 22 (bt 2k s LMMA ], /[EBiBJ, /[Cu(0) ], /[PMDETA ], =200:1:1:1,
[MMA], =6. 28mol/L, MMA=1mL, MMA/solvent=2/1 (v/v), T=25°C . k¥’ 5k K 3 5 H o,
Figure 1 In([M],/[MJ]) versus time for the polymerization of MMA in different solvent.
[MMA], /[EBiB], /[Cu(0)],/[PMDETA],=200:1:1:1, [MMA], =6. 28mol/L., MMA=1mL, MMA/solvent=

2/1 (v/v), temperature=25°C. k¥ refers to apparent rate constant of propagation-'™’.
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10. 14028/j. ecnki. 1003-3726. 2015. 10. 008



. 68 - w4 7 @ 2015 4¢ 10 J

@

55 60 3.5 4.0 45 5.0 5.5

35 4.0 A
Slice logM |

4.5 5.0
Slice logM_
2 DMSOCa) Fl HEIP (b) 435I E #5550 il 45 73 3] PMMA () GPC 3 th il £k
Figure 2 GPC traces of PMMA in DMSO (a) and HFIP (b)M!

LA B sC e IR . AV R RE S 4 JE e AR BRI LA R L AT AR ATRP s 4 4 8 18 3
B EvE T A RERAST R THEERENK. CAREC KA AEMREA — =C FERXL
FOMe (Me;-TREN) K AE N 4VP By ATRP &g EE B ik 3 8 T MR AW . ZHREES
MMA " B AR A TAERN S K. Z BB HE S MMA [8] () 28 E 355 . HEIP X MMA /% 4
R A A 2R A T 1R R EE BRARL L TN A VP ply T A I BE RS, N E A IO H - B R S AR
T 2 [T B 1) SR R 3 . FRATT AR Xt A VP AR R ] bk K AW ST A L v &
R 5 L PR R CHETP) J T 2 4 AL /9 AVP i n] 8 [l R SR R hPY . o T3k
o X o3 F (B S AR T A BEIR . R G FE 2 T AT . AR X L W58 T AR 260 . A (DMSO) |
N, N-Z W e e (DME) i 5 4 BEAE I 7 DA AR R & 0B 0L, £ 1 B/R7E DMSO.DMF Fi1 5 5 B
tAVP B REGATTE MAE HEFIP o, [ HFIP ], /[4VP], = 1. 0/1. 0 i, 4> F R/ f8 8k 1. 19, H
FTESHBEYA. X—4R DR HHEEE AVP RA RS T B EEER .

x1 TEARFNMEREEET Cu(0)iFEH 4VP BEHZMmE
Table 1 Effect of solvents on Cu(0)-mediated polymerization of 4VP without additional ligand""

TR il i /b B/ % Myorc(grmol D M,/M, My (gemol D

1 - 3 23.8 47400 1. 39 6600
2 DMSO=1. 0mL 24 36. 5 33500 1. 54 10000
3 DMF=1. 0mL 10 23.5 34900 1. 36 6500
4 2-propanol=1. OmL 9 35.7 59000 1. 56 9900
5b HFIP=0. 5mL 3 24.1 54200 1.45 6700
6> HFIP=0. 5mL 15 93.0 67500 1.53 25300
7 HFIP=0. 5mL 72 85.5 23700 1. 19 23300
8 HFIP=0. 5mL 72 0 - — -

9 HFIP=0. 5mL 72 0 — — —

B [4VP]/[ECPAT /[ Cu(0) ]y =250/1/1/1. 25, 4VP=1.0mL, T=25C. "HFIP/4VP(v/v) =[HFIP],/[4VP], =
0.5/1, n(HFIP, 0. 5mL)=d(1. 596g*mL 1) X v(0. 5mL)/M(168. 04g+mol ') =4. 7>X10 *mol, n(4VP,1. 0mL)=d(0. 989g-mL 1) X v
(1.0mL)/M(105. 14gemol 1) =09.4X10 *mol. n=EE/REL.

FRE LA A0 A6 45 2, A VP SR AY7E HFIP th B A TP I nl g8 15 0) F AVP 5 HFIP 2 [] () &
VER] . @2 dhnl W3 &% H NMR X 4VP/HFIP 22 6] iy S8 /E FBEAT T RE 225 . 0 F 1A 3Ca) fif s
1 4VP/HFIP WiR &% W (LHFIP], /[AVP], =1.0/1.0) ,400nm &b & W% i 16k AVP 15 48 S8 W% i . 3% %
Wi 6 i 25 BSF 0] (74 06 - 7 1 8 L I FE Bl 25 40 8% . 430min J5 208 15 B B A, FLVR 4V TR0 1 6 b I 25 1 () 3%
Wk, UV-Vis 85538 58 7 AVP/HFIP Z [ Z 8 E 74 ' H NMROILE 3(b) 251 R, W&
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AVP/HFIP B& B b HFIP ¥ B 5988 fin . HFIP w2 5 (—OH) itk A A % 10 & 3 %% 35 . [HFIP ], /
[4VP], = 0.5/1.0,1.0/1.0 #1 1.5/1.0 i}, HFIP-OH 1 fk 2= v # 4> %] & 8. 07ppm. 8. 13ppm HI
8. 37ppm.' H NMR Z5 8t — L UF ] T 4VP/HFIP Z A1 #5 3% i) SUEE .

(b)

(a) Sy e, I [HFIP],/[4VP], = 1.5/1.
N T Tt CE A DR T
o l 81’3 I [HFIP],/[4VP], = 1,0/1.0

24 r T T T T T T T '
2 8.07 l [HFIP]O/[4\11P]0 =0.5/1.0
< ‘ l e A .
14 : . _ il r T T T T T T T !
[HFIP}/[4VP], = 1.0/1.0— 57 nin o 18.05 HFIP
—— 500 min A
0-

4VP
- | PR
300 400 500 600 700 r T T T T T T T d
90 85 80 75 70 65 60 55 50
Wavelength (nm) Chemical shift (ppm)

B 3 () [HFIP],/[4VP],=1.0/1.0 &/~ 4VP-HFIP 4 5} 45 kil & ;
(b) AR L A9 4 VP-HFIP A 4 B9 8 G AL 7,
Figure 3 (a) UV-Vis spectra of 4VP/HFIP mixture with [HFIP],/[4VP],=1.0/1.0 changed over time;
(b) "H NMR of 4VP/HFIP mixtures with different molar ratio of HFIP-",

B . xr HEFIP /) AVP a5 [ 2R G AT T RGN TE. I 4 B fER BT . 24 4VP/HFIP B
IR 1/1 I BRA R B ARG B PV S8 0 7 B 5 IS TR W) A 0 1 B A AR A DL R R
it B AL (~9404) .

@ o® [4VP],/[ECPA],/[Cu(0)],
3574 [4VP]/[ECPA]/[Cu(0)], o .18l =2501/125
301 =250/1/1.25 § 1.6 Open sympols: M /M
= 25 g’ 14
2 5 12 o © Ooop ©
=" = 10
S 15 3 40000
Z 10 £ 30000 M,
20000
05 o 0
- 310000 /V.
g 0

0.0
0 10 20 30 40 50 60 70 80 90100

Time (h) 0 10 20 30 40 50 60 70 80 90 100

Conversion (%)
Bl 4 HFIP S 4VP 35 A ARG — R N % KMo F SRR R.
[HFIP], /[4VP],=1.0/1.0,4VP=1. 0mL, & & =25°C"",

Figure 4 In([M],/[M]) as a function of time (a) and evolution of molecular weight (M, cpc) and
polydispersity (M,, /M, ) vs conversion (b) for Cu(0)-mediated polymerization of 4-vinylpyridine
(4VP) without additional ligand with [ HFIP],/[4VP],=1.0/1.0. 4VP=1. 0mL, temperature=25°C.
Theoretical molecular weight M, .. = ([4VP], /[ ECPA],) X M,yp X Conversion+ Mgcpa .

HFIP 5 4VP Z i) {9 S5/ HT AT USSR g (R B . TR, T iR R AR 209 PAVP R &Y. 5
SUHEAE F 0 R Z M B 0 ELAT R v A D ) Sz A R B . il C NMIR X Rt fk 46 14 F 45 2 (% PAVP
BA WIS M B EAT T R AE., B 5 BoR T DMSO-d6 % th PAVP #i A f5° C NMR &% & . @it
#,[4VP],/[HFIP],=1.0/1. 0 £ F ({7 A M 4L 4 1. 8% mm, 38.0% mr 1 60. 2% rr, ifi %t F T
SUHEVEIAY AVP BRI R A 0] W] 7 A B (e 2900 19. 596 ~22. 4% OKRAEA B M 5. 1% ~17.5%
(HNO, 3 HCL aq)™" X SER 2540 i A8 A B 5 30 7 ZUEE H T3 8110 AVP R G WA 5 m 1 3L 1L 7%
AR

BB S5 R CIE W R W .4 VP & HFIP 8] 77 75 505 = AR ] O Bz SR X 3R & ad #2817 7
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Figure 5 '*C NMR of PAVP obtained at [4VP],/[ HFIP],=1.0/1. 0!
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Bl 6 4VP 52K 24 (SOMEESEIER TR A B ILRE (O FINEERIE R rve =0. 458,74 =0. 631
(b)HFIP R¥H 2 rive =0. 175, rg, =0. 122821
Figure 6 f-F figures of copolymerization of 4VP and St in the presence of isopropanol with r,vp =0. 458,

r«=0. 631 (a) and HFIP (b) with ryvp=0. 175,75 =0. 122%2),

PAE S5 R K] AE HFIP-4VP By AT 4% [ i SR G R & . i T HEIP-4VP [ f & SR .
ST SRR o TR R A (8] [R) S AR LR R DL R S R e B R R . i RS TR ARG Y
AR AL T — B BB A

3 2-LiEE B FREMMERLTIE G B ERAD

FEFREEXT A 4% [ R R G IR R R BLR G X T . (R SR B A 2 56 UIE 4 UE BH
JEH ., B8R 2- LR S E (2VP) Bk s AVP SRR Z5 K [ p AU . 2V 55 S e ] 25 {81 iy 058 1 1
WA, i H . 2VP b AR AL BRSO i SR X R A T M A e R
B2, 25lHb, L HFIP fEEF . SR TS T CuO) PN 2- 2,7 JE ik ng (2VP) B 1 W] 458 [y 5
Bh . SARFE A L, HEIP S 5 B 15 3R 6 90 i 800 40 F i B R i fb R AR M KL 4y 7t 4y
M (<<1.50) , H P2VP ¥R Y B A B AR o B BB AL B . W] A, B0 B S 02 L 40 Sl 7 25°C L, 40°C Al
60°C =i B T TR G E 25 C M TR G R i m » BP0 e 4 s Wi e 60°C 504 T iR A #R
B gl v e 22 CIn & 7 Fi) . X —g5 R R U], HEIP 5 2VP [aJE AL T & sE/E T, iz & A # T
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Bl 7 2VP fEREE 4 BI7E 25°C ,40°CL60°CHAEMT IR A3 14,
2VP=1.0mL, [2VP],/[ECPA],/[Cu(0)],=200/1/1%.
Figure 7 Kinetics of Cu(0)-mediated controlled polymerization of 2VP at 25°C, 40°C and 60°C.
2VP=1.0mL, [2VP],/[ECPAT], /[Cu(0)],=200/1/1],

W RS 2VP 5 HEIP Z [a] i S8 AT T AR 40504 . NI 8 rha] L& 3] HFIP fin A 3] 2VP
J5.2VP F&AMNAMAEN R BAS L, 24 2VP: HFIP=1:1 (B /R [ B, I BE 3R 1 &5 4807
(& (o) I A2 01 B8 1) = 5 8% 8 I e 38 B 7 B A A AL 2= 0B (dy e D — B0 IR 8 8h . (H
PERER U A (DA A T RN . a MILFS MBS E . b W2 B mmsE
g, BEE HFIP WIS, LR WA R e kBB, B #E R AE 5. 0~9. 5 [ B 215 5 177K
K, B HFIP RIS ML 2A 155 E 8(b) BERAETE frn . i HEIP ¥ B 934 N Gz A 1tk 2400 %
FRE2 0 ] R 8% 8l o i (A B 2 SR AE AR 1A e . XS g5 UL, HEIP 5 2VP Z B & T — 1R
S SV AR BAE R LTI R T Ay T AR R R A E R B R T 2VP LT R E .
JCHE B AR FAE U T 2VP U b 25 %5 B 3K R VG G S I AR UE W T A AR Y 7
FEAEF S BV O T SRR A 6 M o TR B S i B X G [ F 2 5 AR BIR i e AR S B 1) S i A AN N 22 s

molar ratio

o a (b)molar ratio |

9y /H __2yE:|_-|EIP=4:J UUJUU L

e NN
el e 2VP:HFIP=2:1

2VPHFIP=2:1

2VPHFIP=1:1 2VP:HFIP=1:1
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OH VAN
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Figure 8 Full 'H NMR titration spectra (a) and enlarged spectra (5. 0~9. 5ppm) (b) of
2VP with HFIP at various molar ratios in CDCl; %,

Hyt— Rk 2VP 5 HFIP &) S 8/ AR . F AT T 6-311+ +G(2df. p)Xf 2VP-HFIP i T =
W RN ZS M A5 UEAT T AT R ALR L, AR SRR L 2 VP WU I o SRR AV F = B B —0. 313, {H Y
2VP 5 HFIP % /E A FIIE , Hois 7 25 8 B A8 S — 0. 298, JF 1 i 0B o 3 4501 1. 75 LA LI 3. 2) L 9 3
B b T B AR AL B T U R 1 5 L RS B TR AL .
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K9 2VP(a)Y 2VP-HFIP(h) i Ak JLAT 45 4 9 T3 HLBE 181000
Figure 9 Computer simulation of 2VP (a) and 2VP-HFIP (b)
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Hydrogen Bonding-Induced Controlled Radical Polymerization

LIU Qing-qing, PAN Xiang-qiang, ZHANG Zheng-biao" , ZHU Xiu-lin
(Department o f Polymer Science and Engineering , College of Chemistry, Chemical Engineering and

Materials Science . Soochow University, Suzhou 215123, China)

Abstract: Hydrogen bond between molecules is a very important weak interaction. Hydrogen bonding has been applied
to the controlled radical polymerization (CRP) system to achieve the dual control of molecular weight and stereoregularity,
which makes the precision syntheses of polymers possible. However, the exact reason for the molecular weight control has
not yet been realized. In the recent years, our group has focused on the hydrogen bonding induced controlled radical
polymerization of methyl methacrylate, 4-vinyl-pyridine and 2-vinyl-pyridine. Control over molecular weight, tacticity and
monomer sequence have been realized. Importantly, for the first time, the systematic research revealed that the hydrogen
bonding can activate the monomer by electron induction interaction. The concept of hydrogen bonding promoting CRP or
monomer-activating effect undoubtedly opened a new avenue to improve the controllability of those less active monomers.

Key words: Hydrogen bonding interaction; Controlled radical polymerization; Stereoregularity; Sequence control
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