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Abstract

Combining various merits of free radical polymerization and living
polymerization, such as mild reaction condition, wide range of monomers and robust
method for preparing well-defined polymers with controlled molecular weight and
narrow polydispersities, Atom Transfer Radical Polymerization has become one of the
most heated domains in polymer science and a focus for industry. Nevertheless,
relative high reaction temperature and slow rate of polymerization inhibits its
prevailing application in industry. Hence, the pressing problem that should be
addressed for its industrial application is to improve its polymerization rate. This
paper mainly concentrates on accelerating ATRP of styrene by introducing a variety of
additives.

At the beginning, four malononitrile derivatives were introduced as promoter for
ATRP of styrene. The results showed that malononitrile (MN) and acetylmalononitrile
(ACMN) were both able to remarkably enhance the polymerization. However,
compared with MN in the presence of which controlled moleculare weight and narrow
polydispersity polystyrene was obtained, ATRP of styrene using ACMN as rate
promoter loses its controllability. Futher study informs us that the optimum ratio of
MN to initiator was 4:1. The conversion of styrene reached 86.2% in 6 hours at 75°C
in the presence of MN, while that of typical ATRP of styrene in the similar condition
was only 30.7%. Excellent controllability was obtained with the indication of first
order kinetical curves, linear increase of Mn with conversion, good agreement
between Mneyp, and Mnge, , and well-defined polymer with narrow distribution
(PD=1.09). Ddependences of rate accelerating efficiency of MN on temperature were
observed and overall rate constants were improved with a multiple of 1.8, 2.4 and
2.67 at 65°C, 75°C and 85°C respectively. The preliminary mechanism for rate

enhancement of MN was proposed basing on "HNMR method and uv-vis spectrum of
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mixtures of MN, ligand, and catalyst. The possible mechanism was that interreaction
between MN, ligand, and catalyst weakens the coordination of catalyst and ligand
resulting in facilitating the transfer process of bromine atom and enhancing sigle
electron transfer between copper ions in different oxidation states.

ATRP of styrene was also investigated in the presence of 2,4-pentanedione
derivatives including acetylacetone(AAT), 3-methyl-2,4-pentanedione(MPD),
1,1,1,5,5,5-hexafluoroacetylacetone(HFA). Among these derivatives, MPD was the
optimum rate accelerating additive. A conversion of 71.6% was achieved in the
presence of MPD in 6 hours at 80°C and the ratio of MPD to initiator providing
remarkable rate enhancement and good controllability was 4:1. Positive dependences
of rate accelerating efficience of MPD on terperature were also observed. The overall
rate constant irrespectively increases with a multiple of 1.34, 1.79 and 2.25 at 70°C,
80°C and 90°C respectively. Results of '"HNMR and Uv-vis indicate that interaction
between MPD and catalyst is likely to enable sigle electron transfer between high and
low oxidation state of catalyst to process more quickly.

Malonic esters, such as Diethyl malonate (DEM), diethyl methylmalonate
(DEMM), diethyl tert-butylmalonate (DEBM) and diethyl diethylmalonate (DEDEM)
were also investigated to promote ATRP of styrene. DEM, DEMM and DEMM were
found to enhance remarkably polymerization rate, and corresponding conversions are
67.8%, 81.7% and 70% at 80°C for 6 hours. Unfortunately, only in the presence of
DEDEM can polymerization obtain polystyrene with narrow polydispersity when
accelerating polymerization. When the ratio of DEDEM to initiator was 0.5, good
controllability was achived. What should be pointed out is that electron donating
groups in malonic esters and 24-pentanedione derivatives facilitate the
polymerization rate , while the introduction of electron withdrawing groups and
groups with steric hinderance directly inhibit polymerization rate of styrene.

Finally, three kinds of inorganic compounds including boric acid (BA),
aluminum hydroxide (AH), and 2-methylpropylboric acid (MPBA) were found to be
effective to accelerate ATRP of styrene. Conversions were respectively improved to
77.8%, 79.1% and 83.0%. Furthermore, the avaible range of molecular weight is

5
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investigated under these inorganic compounds with different designed molecular
weight. When designed molecular weight was more than 20 000, efficiency of
enhancement of BA and AH decline sharply, while a effective enhancement of MPBA
on polymerization is still observed even through designed molecular weight was 40

000. BA is the most efficient promoter among these inorganic compounds.

Keywords: atom transfer radical polymerization (ATRP), rate-accelerating additives,

inorganic promoter, organic promoter



B ITRFFEARIR A F B

HEZMEM IR ITRAENE R IR S T ML KK
AR . EANERXEEFSHE LMD NREEKT R
R, BEXH BT AR . ANKIEFH ARSI
WO A R AR ST E

BN (%) )1 5O
S8 6H | B



T IR 2 2 A v S PR A A AT 7

AN THRETKSEAEXRE . RS MRE. BITREERRE
31 B K A B 1 T BR LA S UM RS 35 1 3C B 456 AR R0 P TR, 7 #8133
F AR E 00 B 513 AVFR SO 2R BT, AR
WARANE SBOR TR, FAUE AR SRR BN A . (REH
2 fr i AR E R EAAE .

EERHRLRT
LRE (), EFWREFERFEINE.
2. FMEE (V)

GEEU LN WIT “ v 7

HEEL: );mq Af: 8% & A | H

@W%@%ﬁﬁéﬁéﬁ%zzmgﬁ 4R 2 B



% FHE hER SRR BEXH 2008.5

F—F NEEFR

HFABHERSTERRGHEE, REAHEMN, RaTASHL, £R
SFRERAP SHEEMMY, FANAT 0% EMRSFIRE>F,
BRHETHhBEZAAGREB/ELIL, BULIEEEFHEIRNBESFERSD
T TERE RIS, RRE#ITH TR, BM 1956 £ Szware FUHRE T —FHE
BABNHLLNABETREUR, EHERSHFABITERNRRE —HR
B TERFBEERNIL, CLRABI FHEPRAERE XM ILNA
MHEMPIRTT M2 —. FEEERD TREORR, AMIRBEIRB—MHEUTE
HHBETRENTUAYZHREY L TENZ ABHNEhERETE. 2
KIS ERE S, SIRKBLILENEHERSE (Iniferter), WHINK—HREBH
HERE(RAFT), REAAHEFETHREBHERESSRP), RT#EBEHE
REATRP)FEHHHERSTEABRRR. HEHFURARAHRERH
ITEE B HBEREEIA, HEEEERESKIETIAA, QETRKNET I E.

115 2RBRLREEaRERE

B| K %4 (- (iniferter: initiator— transfer— terminator) & & & £ 1 Otsu®!
TF 1982 ERUH, RAERGERTMARAREETRE, —HRUEYF
FILEYE RO B RS MAFE, FHiBXebaymsIR-#B-2105H,
HR XS SRR RN BT RF . B AMEILHIER.

111 ASIREBEILR

XEBERHRG I R EB LKL TEE B AERSEERAU 1, 2-ZK
RIUEE LAY, ZXBRERENN ZEK ZBRUSYEARTIREBL
IR, XA YR D, FHERE REERBHEET AL —&
R AR R A . BRbTOE I DU IR Z.45%2846-&%90 DCDPS A1 DCDTS H31K

1



B AN RO R ERR KW 2008.5

HBLILRLATERRS.

1.1.2 X5 ZREBRLER

SHEIREBLIER ML, REIREBLLFMEL, FEEET LM HHE
REEERBIRRR_BLERREP, ASIREBL LR EER i
“HEECHATRE, W N, N-ZZESRREEFRFEL". A31RES
£ EFR—FB A B MW EE B HERETE, TRATARMRE. &k, BRI
g, .

L2 BEAREFETHEEEHERS

REBhEFETHELEHERE TERFARNRIIRBAREERE
HHEMT SR AARE RGN B R A RN, RN TGRS 4, 7
B lw P YEORERAD, PRIET W54 B MR E, I T &R, A seEliE i
HEERE. HYLEW Schemel FiiR:

P - R J——— P . + R *
@
Nonpropagating Propagating
Nonliving Living

Schemel Mechanism of stable radical polymerization

L2 1 B SHBEEEETHEEEHERS

ZHHE N ERTH, Rizzardo® S &RH T HEE B HEELFEN
FoRLHEH B AR AHES. 2,2,6,6-T0 FRIRE —1—& & (TEMPO) &
B AHENRER, B—FHELNEBERTUAERR, 5HKEEaRE
RAEBETERBERIRM, EHEARRMERE (120CL ) "R ER
WA R B B TEMPO R2E B %, FH R F4, Fiimm TiEt
RERFY, FRET BEBEMRE, B TRLERMN, NTEREERE. HREH
41 Scheme 2 Fi7R.



B8 JEodERERGER FEZKY 20085

Initiation

I-I — 2 1e

Io+b . 16
R

Polymerization
J J J U
()

Scheme 2 Mechanism of stable radical polymerization mediated by TEMPO
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Scheme 3 Mechanism of reversible addition fragmentation chain transfer
radical polymerization
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Scheme 5 Mechanism of Atom transfer radical polymerization
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Scheme 6 halogenated alkandes and benzylic halides initiators
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Scheme 8 Sulfonyl halides initiators for ATRP
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W R BB T ATRP BEBF K, ILERFT KB CRIRIE,
MRS R ELFEIT ATRP REFIERE. B, &, 8304, WHERUEK
WMINBEN S E B EMTENE Y THEY. Matyajaszewski ZHEM 49 31
5 kR AE, =R, DGR AR BRI TS, LS Al
RyEBBHBERE . RABERAHER TR, XM LT E
K, REERYK. FEF, MBI T B2 6 A & 7 5 X LT
HHIE. ’

2. A

Poli /AT HE T LA MoCly(PMes)s ML, A 1-# ZH R (1—PEBr)
Ma—RRRTRCENHNFIRELHNRTFEBBREREG RN, EICT,
MoCl3(PMes); 5§ 1—PEBr FBE/RIGIREZIEXURE, REVF TES A
(PDI) REAE AT AN T R, LR EBRARBRN, REVKSBHEX,
L EILEF] 50 %5, PDI B2ET 1.5, H4H 72 () 5EREHER S B
HEUEREEXR. JUEENEN, #HITHERREN, TTUALKEAGRE
RN TR, BRRAEREMTIERE. ME R ER LGN
1 Mo(II/Mo(IVL & AL 3 4% ATRP it T8 A A IHLEERF R,

3. BRAMEILH

Sawamoto! *HiiE T FSEEBULMIES | KA, FBk (V) A4 ReO, I (PPhs ),
YER AL, DA ALOiPr)s A MEFILI T K LMY ATRP K& . 7€ 30~100C
BEGEHARES, BRERNERMEBEARMEN ReVEHBERELIEER
Ji-g:0] 3 TR

4. SR

FMEATHRERNBRFENEFHAEEHER SR FRH Savanoto 7
1995 4F48E M. Francis'WIFi/ A HIRIE T —F5ILL Schiff B ARAIIE L
Y, BEB R ENE Z GNP RGP AN ATRP RS, RIHBREHRE
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Bt R, $95F & OMn) BEE RS R M n . %K R ATRP
BAHERR TSt EEIRTF Schiff FRAC AR 2 (R AR S T BE T«
B R, WK Schiff BRECRKAFUNN, CARBE Schiff itk N
BEFREHTEES, MARFIEE M Mt —X BRI, BITIE LM ATRP T4, 83
BEEMRAENE. W5, %NEARETREECAEH R ILEN R SEYAT
ATRP R BPY,

5. SkRMENHN

Gibson FHIA T HREBRER « — TR IUBALAT Fe (1D & &Y,
RRIh R T 25050 MMABHE ATRP B4 . FIRURHL, SHEEDAH Fe &4
VI 1-2K Z B & (1-PECL) A5 R AN, KZIBLE 120CHITABRE, 3%
KETRIFOEEXER, HTELHHLBC, LICHURE dig it h 55T,
BT 8 BB R RIF IS HIEE B R R A 1352 Gibson /hAM
BERERIHERT ZHRAKKGEEKER Fe(I)M Fe(D%&Y, HAT
ATRP & . Fe(Il) &Y T LMENZE ZIF K2R FIY ATRP K&, RN 4h,
AL ENET LUA R 80%, LA TR AIEE 1. 08. {ERA Fe (I B AMHITEL
W PERBMRPENR M ATRP BAN, WAMEBIMRFNER.

6. RARRERMEMLHN

Shao %R 18 Z k2t PA(11 YL &AL N, N— Z R Z P E I BERK
(DMAEMA)KI & . Pd(C=CPh),(PPhs)2, 60°C&MT, 7E CHCl; %HIFRALE
HEE, BRH—EN ATRP R AHFE.

Shao %122 T Z 4 & Ni(11)4 & PI(Ni(C=CPh)(PBus), , & ¥k NBP) 4 #
W), BARRRRE PR3 IRFEIR MMA # ATRP 4. %A BrCCl
AFI KK, B Ni(11) ( 0 NiBry(PBus), « NiBry(PPhs),)BX Ni(0) (41 Ni(PPhs)s)
KLAHEL, NBP 4L MMA f) ATRP & RE B MHLE99 %), BENDFTF
B4 (PD=1.33).

1.4 1.4 BEBK

SCHR EHRIE KB A AR IEIT ATRP #ITER S, REAAEGERZMAR
&, () WRMEERRG, (FE) WRBREERE, 92 AREURKE

12



A% EHAERATREE EXE 20085

ERRAEBREE BB IRREN B4,
1. RZHREBKRE
RLIGRIATEYERREAR, BREAHY, SRMELHF4T
REELFAZNEAT, ELRDLARTFHBELERS. BTHE, THAR
B, ZRREPYT, ERBE IS RS AT R RN LR
Re RECERDTRETHS 8BRS WE ZHAKHAW Schene 9 PR,

209¢<
29920

OCH;

6 7 8 9 10

Scheme 9 Styrene derivatives reported to polymerize via ATRP

2. RIMERIEKAENRE

ARSE & REREARANARRELRNRTFHBEhEREWHRE
100, Scheme 10 —2&% TLHE I F ATRP HOPIASREMES M1k . DU 20 4%
RRAEZE B AR A BIREAL T LU I8 I & R e AL B 9 T 1T S U R A R, 764
MR RN BESHYN, 2FBAINROREY. XTHEHTRERE
WK E BB E 5 5L R N A R ARIRF . BUR T RR MR, £—RFIR
RISEE TEHESEAGEINTE, 2TFEIFRNABRELREY. fim, B
CuBr/Me6TREN { HHEALTH, REBEZET 1 MHABRLTFRN 12600, HFE
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SR 110 WRARREE. LTRSS CRENTHTRTHS H hER
EHHEARFARKNENRERER AL, BERARBEZE Y, HEK
FAHMEE"Y, WERRTE"%E, B, SHEBERERY, WESH
P RRER M B T B iR AR AT R . PR TR
ITRTEABAMERSH, BMEERBTRY, GRUSRAETHRN,

=o>=o =(>=o ‘}o o '”‘}o }o
CEL YN

T T

DA O Q
§ ) o )
oI

NG AcO

Scheme 10 Types of acrylate monomers used for ATRP

3. FERNBHMMRLAARE

FEANGMTERRASSRETER B HERANAE, BRI T
BERSZHEUERPLATERES . FRABRTRAS RSN EERHTF
HARMRMAANESHIEL, URBRA ATRP P55, BREN PEHE SRS
T /NBETS BT 42 4 ATRP 53 72, ) 201 7F Me6TREN 45 b AR A4 I 3% 2 HH LI Ffisg g 1101,
XERRE T HENPERSREBER R EBRSRYLARTEB EHERE. &
P8 fhn Scheme 11 Bim, BIERMARE T B 2R T HR = PEEZ B,
RRERBRRZE™, SFEPEANFERRRZZE IR RERR IR
FEABRMET, EREUZHBIRN PEFAEREY, &5 FLRNERE
M. 120} 1
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CEETTEE

g )\h (} Cotan  (CH,CHO)r-Me
0

H OSiMes  NMe, Fome

Scheme 11 Types of methylacrylate monomers used for ATRP

4. WHEBLERE

RESHAEEAENETHEBEAHERABRURASEWH LN TE
!B, 3t B i TR R AR EEENIEREH, RERBERESHE
FERBPHIT. Matyjaszewski 25 ABKIR ZBE AR, WAL LA BRI RE A fE 1L
fl, a REREASIRFIRDLAT ABERFHEEHERS. RABATH
TEM 1000 £ 10000, 2 FEAHDTF 1.05, GHTTHENERERE. #—FH
1HNMR 7 MALDI-TOF RIAERH, ERALBFT —EXREFRET AN E
B. REFETRRMKE B HEHRNMATRERBKAEF, NTRAEBLE
W, WHESEZBNETHDS QAR RMRINS RFOBENE, B3
T, 5 FEM 1000 B 15000 RERBEELRYH,

5. (F#) WABKEERA

BT REBRR SRR EYR— SR EMRE, WKEEREY AN,
EMETY, Rk, HYHHEZMNEA. Li f Brittain P'ERFRE T, AE
FRAC T ABRRERE A AL, 1—IRZENSIRFRS| R AR R T8
HHERS, BHRABIRREEK. EdEMKEMRNSIHERARER, R
BBEEAGNRTHB B HERES £ G THRE FEFHT LA RREEME
ZAEH P SR, REBEBRL SRR S BRI K35, DR
KR FHEEERRRFNEEMBIRN. RPN (CuCU/MeTREN)
FET, HTHRARRERFEHEER, RIBERT N, N-ZRERGBENER
THBBHERS. B KRB TRRETATURM, CRHEEF®LIEDER
RRSEHL N, N-ZHENEBRNETHD BBERE, B3 THFE 8400,
SFRSAH LI2HEN, N-ZHEREBE™. JLEER DM
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B R PR B ER S ERE, W60 CTAEREP L CCLBr A7 K,
RuCI2(PPh3)3 4L, LL Al(Oi-Pr)s AR FILHL T Z FER GBI IR T8
BEHHERS, EERAYNSTEMHRAN 160", 55, N-Q-BRE)
FREH B CuBr/Me,Cyclam L TR A/ RIS FEH 21300, 2 TES
Ak 138, GHTEOREY, RAUBESRIHEERESE".

6. (FE) WERBARE

B EFER A HERSLH (FR) NERAAHTHEREE—MRAS
HAEREE, XEERMTHARRAAES STE SRS & ERILTITE. A,
BAMAR S BRFE T, REEMEBHMAAES. Ames S HE IR
T AAntE AL, KT RARENZIBE R FIIRFGI R FERBRMKIRET
EBRHHERS . BEVNFERE, > TEBHBRY, 48 MK (PD=1.30),
HE, YEAWHLTEKT 10000 i, REVIMSBIEITHRE K. HFERF
BE PH BRI A, SMICHEREE, FRTEE PH (MK, ARTIEANRTL
M E, FibihRE PH E R RAHRR, —H& PH {HIZHIZE 8 B 9 Z[H.
FAHRANTERIHT HEMNRBRAANNE, DZBERTRINETES
EFE S -

1.4.1.5 RTFEBARERSHIESERR

T B B ERE RO RN RO ERTFEY B hERSER K. Fik,
WMEAEREN S TFRES M RIFOBEHENTRTMRR TR AHERER
AT —AFASRENFHRAR. B4 HE, NTFIRETHESEHERSE
ZHARMER D, BEREHFRAET T RABUFIEE. DHRTIRATS N
TIUAKH:

(1) ST F BRI FEATIEE

ATRP HEUFIMBEHANZE T ERP LM LERERAKEMN, H
IR A E BN RE R M A RO T AL IR g 1 . BRI, — &5
BT ST T AE 2 B R A LI e ot T T RS

Matyajaszewski ZPUREMRAD HIA KRR /AK. S IEHREA. V0K KR
BRI HITR S, BULEHAGNETEREHERES . RNEER &S
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RETFHHER, MNHEEHRFEEEA, ReERHK. AN, BIEHR
T AR AR 2 82 B LA R P T 3 S R AL B 1 B9 W . Sawamoto 1R T
—RIAFRALE KT EDELERE TS BHERS . Matyajaszewski fl
Sawamoto EX T RN HALFIEMK M LBH T EA—BHLER. AR
BT RE R, ZEA B, BROESYRRERDBE, RERNMAFEER
M

FEt, HTEABEURIRTESR S St REZ mRREEHNX, 2B
WHTE RSP RIS, AR RE RS R, ARERMHRT R,
RN PR T RE RNERMN AR EHBR . B, REOTFRARBASRRE
AT R ENE T RERITE. BB AR SIABR TH# B B i ER ST Hm
BAFICERE, NTTABRBESWERNE QIS THRRENEET
WHRNARPETRTHBEEERS, RERAEEM,

(2) BEMABEZANRERELTIEE

SREHEREREER: Savanoto M EHRRRE, FRBRTRERLY
BALFIEYE, MRTFERBRFEAORSER. Guo Jianhua™EEHEN
WA RAKBRPMAT RRBRSEEREMR T HRSER, HRB TSN
fER . BRMNT Levwis REFFETHEEAHERGLENHAREERFERLE
EYLAMEEREW, i TFEERGNHARELTEENSHHER, R,
X F Lewis BRERMEXT IEBE KW, UK Lewis BINEN BRI AERD.

BEUAMRAREER: Savanoto!“MIEZEE fEULIAER P IMA RSN
EYRRBHEUFEE, £0CTHFRENERTEE 20 PARSHULER
& 94%, FNEZSBEREETERNES. HLEhNE, ERAKNEET
R RCET () #3E 550 AT, BAREIEAEAIZE 95%. MMIBHMNEGRE, BH
FETHEEEUFINEMNERIEERERA BB, R T HE .
RRAE R R R BATE ST AR R AP B Z A, IR R R R
FERANELEETEH B EREANELES.

BRUAYREREEE: Haddleton" VLW R BINRIM AL EMFLE
AMUBEMNRFHEBEAEERAAMRER, MRERSELRRT. BRH
REBERIE 10 A RRBBRIFHNEXRR. BANTARY, EMNFETH
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FETHRADTREENHERER, BERERNEREBIRS.

R ERBEBLRER A E: Shooter" R T FEF BB PR T
REETHRE, RURSHERBITRANER, HABREXNTREMBENE
il ERXEN, R TEREABRHER, XA HHNERESYWRERKKN
SHtE, YRHUREERN, BRARSERER, BEERSVUNIBHERT X,
Percec'“/ & I MM AL SR A BBLFRBERER S RMKER, BFYaE
BN

0 MEBRERIHEZE: Matyajaszewski"EMEREARPIINGH,
BLHS Cu RERIBR AR HHBENRE, AABHRERNELRNE M.

L4 1.6 RFRBABERSEMNDMEA

HTTHTEMARARYAEKNRE, BBNARKEREALE, HEHE
REVRRESHERIRTUAS BN, BEETFEELERSHZ N A

FHBMEHI AR
1. REYHIThAEL
FRTHES B HERESHRIBHT =MRBRBENE LT FRARN A%

Rey. B—MHFERELER—RIBREARE AR Bk, Bk
FRELERRIIRXENARABEIREEY. Hln, CELFEREH
Scheme 12 FER KA LT EY KRG EHEARERANRERZME. THKSE
b AR FERAENAARGRE, £HTREFIREHE T XRKR
B, BETEHENRENE, SN RAEREREHIRFE N
1>2>3>4,5>6,7>8>9>10 XM A ¥ HURFFF& Hammett J7FE MM, 5316 8 (K I
RTEBEHERSPRT 10 UANRBIREELE, BREYHSHHES
f&F 1.30.
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le

CF3 H3Cg0 Br cl
1 5
Z & |
x X
F C(CH3)s
6 7 10

Scheme 12 Different functionalized styrenic monomers for preparation of functional
polymers
F_MBERAAHAARRE REANTIRARTIREAE KR REML

AP, W Scheme 13 iR, RZMBEARKZIKFTREFSHNEEIARE
ARERRENRELSE.

oi/a Cucubov)s o
™ Ph,o 130¢ #0 n

Scheme 13 Functional polymers prepared by using various functional initiators

BJE—F A RFIF ARTP iR R-& WA R & R TR, B — R
¥RMRFINAFANERAZREY L. RTEBEHERSIARAYNER
RARBEF—IMRERET, BbrUE—RIIFFEREEHTRAEFER,
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FABARRMUR B HERN, MHEREYIIHEEIL. Scheme 14 iR, HEZ
I — R EYIR I a0

PPhy

W“ _EF_E[’ mﬂ—m ®
>95% ! ~n—PBY A NH—CHy—CHy;—OH

NOH
>95% P(n-Bu);, Et,g
10 oq, >8
W"‘NH’
NaNy, OMF >35% s

n R culBrL / cu® w\( /%@
8
TiCly, %
CH,CI,
SnBu,
BuySnH
cu, benzene “3 it c,:: :rIL

*‘W—Cﬂg

Scheme 14 Platform for preparing polymers with different functional group throught
macromolecules obtained through ATRP
2. KHEREYRHER

BrEBEmERATUBAXRNSARARNEER Y, BFELMKR
Y, BILRY), BEILRYURZEILEY ., Maty jaszewski B RFED
HHEHERAWMFEARMTRARFR X2 EBRIL RS
Matyjaszewski SEBELBA T B EMNTEERT ZMBSLRY™, Hil&k
210 Scheme 15 fin. B 5 R RKFERNERFREREESBIMCH HEHERF
EABBFTKDTIIEH, Bk PMMA KT3I RF7E ATRP 24 F3lRE=H
R ZFHREBIUED T E LA PMA-b-PS B BRI . BE, £ RH
MEFLET, PWMA-b-PS RAEBE KN A 247 B 2K AT PMMA-b-PS-b-PMMA.
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O CH
| ? CHy
CH3CH20_<l,l_C_B, +n —_— i CH CHy 1 gy
PMDETA -
éHa 0 CH3CH,0 _oin

chcg Ha é)CHs

R FuBr
C=0 n
PMDETA =0 Jn
OCHg c‘:cn,

Hs

R CuBr Cu(Q
=o0ln PMDETA
écus 630 n m -=o n
CHs CH3

Scheme 15 Synthesis of triblock copolymers through ATRP and ATRC
3. HREWIHGHESYRER

BRTHBRaERESRTHATRIIEUREYN, TAREIEERY, MR,
#A, BRRESYHERRET - IMFHINFR.

Bid ATRP B AR K ERY EBELHMRERLHM: (1) “grafting
from” RN, BIEENEHEGRORS FIHRMTIREAERE RN LIHER;
(2) “grafting through” &M, BP@idi@id Ko+ HamiRaItRRNE
PR BE & BB RY NG FEFANEDRUNREZH RS TR
FIZRAFIN BB AR A R A B BHIERY™. Schemel6 AP EHILE
FHERREE. B PVC (Mn=47400, PD=2.66) KATF5IRAAFHGIRTEZHE,
RERTE, FENGRTPEURRERTRAORES, B3TARARE PVC
A BB Y : PS-g-PVC(Mn=99500, PD=3.72), PMMA-g-PVC(Mn=57700, PD=2. 40),
PMA-g-PVC (Mn=83600, PD=4.94) ,PBA-g-PVC (Mn=81400, PD=2.44). Jt4t,
BEERUK T %, ERET SHWTENR LEHERIRY, RARLLKZ
Ho R BN RAK H B RS R YT IRAL RN, AR5 AR K475 R A5
REZBERE, WH BF KK RARNE S WERE BALRER
B TRRTRANBKER, Bk, &id ATRP MFEAEREBTE—HEZ
15 IR SR B S LR KRS SR E KRS R ENR
RIS CIREWERBRITHR, BAEERYNS TRSERS TERE
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ik, ¥ESFESMELEE (P)KL.2).

X X

b

S AN WAL NNANAN wwluw + monomer

| | \\foiTm
X X %

Catalyst WYV VYV RV VYV VY

"
P

+
initiator + monomer + 7 grafting through

Scheme 16 Methodology for synthesis of branched copolymers
ERFHEBEHERSHERIZE, RAREETZERIIRFGIRELE
EABIEREAYSY. ZEHRAWNS T & Mexp=62400) 5ERH T &
(Mntheo=60000) ¥ #iE, I ERAWMMBIERIRE, BIT 1.23, ZJ5,
ATRP 7E BRI &9)& R 77 T RO o kg 11571581991,

1.4.2 ERREFHEBEHERS

FEFES B hERARANZXDIENTIRRN, RENSHTESRIER
b, EMAEEUTHREME: () FEORYEEE, HARSHE, MK
B Q) RENSERESSPHWEML, RERE. AT R LKERS, £
BUERTEDEHERANEM ERETRAEFEBAHERE (Reverse
Atom Transfer Radical Polymerizaiton, RATRP) H#E&!1%, RATRP RSN E S
ATRP A bR —# ), W Schemel7 FT7R, H & RATRP RAESGH B HERE
BIRFIMBE-RTH (AIBN), & X8 (BPO) EHX3IEH, UEEL
SRS ESBENEAT. BEESIRTEAIMBVHBEHEL AI584%
WAL ESRELARMNERBEASHTEER, RANERSKY. 55t
R UHBE S RAMRAREKEHE M, RE, IM5EELEHEREME
TR B AE AR B AT &R L) -M-X o REAERIEMTESR
MU ERRETFESEHERAINBLAREY S THHEK.
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A MTL 1—x + Mo

Initiation [—]—— 21 \
M I-M-X + MtYL

. I-X + MtYL
Propagation /" RM + Mt"IXL

.
I-M-X + M{tYL N

k,

Scheme 17 Mechanism of reverse atom transfer radical polymerization
RERTFHBOHERSWAAETRAELAERNIFR. BTg
FITUHEZ,—KE (TPED) A5IRH, A FeClyPPhy fERAEALH], EIIEERT H
ERBRARORARTHBEGERA. BEMIER 2, 3—ZHK&E—-2, 3
—XET M _ZE (DCDPS) X5 K, FeCly/PPh; YERMEILHAI, £ 75°C
T3k MMA RABEI T RBHFHE R,

1.5 REMESH

A HERATHNEARENRET MR ART B HERE, WHEL
1R BRI IE RS, BE M B hER S R IR R G RN RER
EHERE. Bk, REERELEEESHERSH—BEHNHRE, ATRP A
Bish. R HMEBEERANRETHY B ERS, FHEEELRRMEET
ARRERERN, FEFERKKRMNE A B8R4 ARE BB FK
o BEL, WTIRE FHB 8 EERAER R LIH TN A AT LB 5
WREEZ—. FRIHFIRERETUAERFEREERSFENRT,
FREGHERBELAROER, BHERSRNERNELHRTHYE QL
REWER. EENTRABNT:

1. ERLHBBRFHBEHERGAERD, BdMARNZEXRGTEY, ZHBR
Ty, URA M ZEREMEDEEIEEFRRHEE LR E RN
HE, BESHSEN, 2TETE, SFESGRENREY.
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FE UM, UHEMXRTE

2.1 LB/ ERFH

BBLSE R (GPC): Waters 410 ARG IS S DAWN LUK, 4
SHEsE, THF A#UER], dn/de,=0.185.

R 3E IR (HNMR):  Bruker-400 AZBEIEHRAL, 5%(W/N)HI CDCly #5938,
25°C, TMS K PI#F.

4150 Hi 4L (FT-IR): Nicolet Avatar 360

40— 7T WX (UV-VIS): Varian

2.2 LM

Bk, EKZW (St, BHEERD, WEEM.

BIRF: o —RAREM ZBL(EBP, Aldrich A7, KRALEBMR)

AL WAL (CuBr, EZER); AFE_ZMH=K (PMDETA, Aldrich
AF)

HHEN: FF MN), ZBIHER_HAMN), ZHEF_FK (DMMN),
HEZBKHFMBP), ZBREE (AAT), ARZEBAE (HFA), W_MR_ZHE
(DEM) BEFE -8 _ZB(OEMM), —Z XK M- ZE(DEDEM), RTHEN
M ZEE(DEBM), P EZ5FBI Alfa Aesar 2 FETE.

EHLEF: W8 (BA, BHER), SEMNE@AH, EHER), 7T EMRK
(MPBA, Acros A7)

2.3 REVHS MMM pAFELRNE

WEZFBEE, o —BRFMZE (EBP) BAHS (#4k5 EBP HLLAI
BT IR AN TRIE). ERMHPIMAS EBP 4560 &1 5L LR
THIER, FREWS . BEZHS EBP KIBAWMABI LT, BIIAS
EBP £¥ RN B AP E_ZM=K (PMDETA), BARAR, FHFTHE

32



PR KBRME, USRLRTT HEZKH] 2008.5

BRETHAZREHE. YR TLAKE, HEPRPIE. ERBRITRR
=G, 0CTHEEVEDTR 24 /Mot, UELEHRIE.

MNERFHRR—EBHRNAR, BT 0OCHEZTRATEIREN L,
B E R AR,

2.4 {HERK

By FRUIEEANK:

BROTE (Mn,,)=(BRAGE/5IRFEERE)x FALE (conv.%)
RENFHETRE: ln([MB{M}) = ~In(l - conv.%) = k,, x ¢
ARAEHAR: &, =70

LU TFESERSTFERREAR:
Diff% = (StlAF& (Mn,,) —BERHTFRMn,,)) BLHTEM,,)
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£=F AIMEANEZHRAMEFAR

3.1 AZRRAMEMGEETRCARTRERARERS

8. 1.1 BEMAZRAMEYHEZHERANMERR

BT A X TEMPO ZZEM R ZBR A RA HEMMEBE"Y, FHitwx
ARG EYN TRFES A HER ST RERH EEH I RRIMN
B, EATHUMNRZETEY, WIBER K, B2, —FER B AEE
ERZIEHTHR. RARER_ENLBERN BN TEZBRFER A%
REBFMRGMEER, T _FEA _BOBEERREZBENEZER S REMR
EIEM, EERMEHWER. RZEMERMIREZERE, BRGNS TR
A FEMHHAFTRFAZEEIER. LTS, ZBER_BRARNREZ
BRE KRR DARRIFNZERRESY S TR TESA, PCRIELREA
X, 3 FRBSFRE. B, EHERN I EZBEER SRR OTROME.

H_ H HeCOG  H  HeC  CHj .

C/C\ . C/C\C C/C\ . Y
N/// \\\N N/// \\\N N/// \\\N NO;
MN DM-MN Ac-MN NP-AN
Table 1. Effect of various additives on ATRP of styrene *
Additive [Additive)/[EBP]  Conv. (%) Mn,,, PDI
None 0 30.7 2200 1.42
ZBER i an 77.2 PyL X i
R 4/1 86.2 9300 1.09
“HEF M 4/1 43.6 4620 1.15
R 41 17.8 2110 1.33

*The polymerization of Styrene (8.571mmol) with a 1:1 molar mixture of CuBr (0.08571mmol)
and PMDETA (0.08571mmol) as catalyst and EBP (0.08571mmol) as initiator at 75°C for 6 hours.
** Polymerization processes at 75°C
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8.1.2 AZHARENEZERSHEME

BRAZIEHRE, IRAARN_FRHENEZHESHRANER, HER
RE 1. 15CTF, RLEZARRES 6 IS, HLENA 307%. BERFM
ARZIER, HRAZGTRAGRMEUREEYK: BEMANR_BEXT 4
FEIAFKAERN, RERUEREFHBHNGER. hR2Tm, A_EHFE
THARSYNS FEAALZABRTAREYS TEMAE, MELAR K
53RN 4: 1 0, FIBRREYS TREERS FRRAEKE. Bk,
[MNJ/[EBP]=4/1 REZFEHTRTFHEBEHERCHBERE. UTEWEZR
BRAEH .

Table 2. Effect of EBP/MN molar ratio on polymerization rate of styrene*

Entry [MNJ[EBP] Conv./% Mnpe*10° Mnep,*10°  PDI  Diff/%

1 0 30.7 3.8 22 1.42 -42.1
2 2 72.6 7.8 8.1 1.10 3.8
3 4 86.2 9.9 9.3 1.09 -6.1
4 6 78.4 8.9 7.1 1.16 2202
5 8 82.7 9.8 5.3 1.43 -45.9

*[St]:[CuBr]:[EBP]:.[PMDETA]:[MN]}=100:1:1:1:n, (n=0,2,4,6,8), T=75C, t=6h,
$t=0.8571mmol, CuBr=0.08571mmol, EBP=0.08571mmol, PMDETA=0.0857 1mmol.
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Figurel. Effect of molar ratio of MN to EBP on conversion.

Experiments were performed at 75°Cfor 6h.

3.1.3 AZRFETECHREHNETHIHAR

FEFEBEmEREMAN—FESRRE, HBREENHFEZ —RH_G R &
WRRE 5515% ) BLRIR B EL OS2 In ([M)W/[M]) 5RTERE 2R —HE) H¥EFX:F.
B2 ARZHOREF S FEME. NEPFTUESR In (MlyM]) 5REZETE t
BUBFMH—EI SRR 65 CHEZERE N E ML BILNE, BRI
AR AR x MRS, HARESVHIRNEIE, TaEETYIE
PR OIR B BUR, FRBERNCE A, R P IEE DR AN & B — e K
BRRHERE. WETE, XBRFWAMWGE, SIHEHENEERNLETE
HuEKELEFEA, i WN FETHEZRREHEEFOMKREESRER
B, A TERBENREN AT ANEW, BRI HIX 65C, 75C, 8CTF
FLERTFEBHHERES (FEKR) FHFITAR MN FEETFTELERSE

(MN AR) %7 AT T . SRR, EARNREEET, Tak
AR MN BRM N ¥HMEHELYE. EERHNE, YEEAFRN h
(MJ¢/[M]) 5RMEEHE t ERE BIFREHLR.
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65°C
65°C with MN
75°C
75°C with MN
85°C
85°C with MN

H
I
A& : >en

In([M]o/[M],)

0 ) / “ v T T T M g )
0 5 10 5 20 2 N I

v v 1 M 1

Time/hour

Figure 2. Kinetic curves of polymerization of styrene in the absence and presence

of MN
3.1.4 BENE _EMEYRAOEE

ARG EAREBE THEZEREBATAE RIFHMERRZRA
i, £ 65CTF, ZABRARMN 13.5 /Mo, BRKFELERLES) 52.7%,
i MN IR S #LRZE 13 /M HFE 93.9%; 7 85CF, MN REB{RAE
RAHALEE 43 MIAKT 87% B BRRARNERN —NEEFHRREK
MEFIRMEESEL, WBEUTAK:

dn[M
k“PP = n[ )ét
AR EH 65C, 75C, 85CTFZAMKRN MN AR TEZER G RMK

EMBEELR, W2 Fix. AE3 DI, BEERENAE MN SHEZER
SHmEERAB Ak, FHETF 65C, 75C, 85CTAMNEEZERAELRR
1815, 2415, 2.671%.
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Table 3. Polymerization result in a variety of temperature*

Kapp Increase
Entry Temp.('C)  Reaction time (h) Conv. (%)
(mol sy factor
1 65 13.5 52.7 1.87*107
1.80
2 65 13.0 939 3.37*10°
3 75 10.5 62.6 3.08*10°
2.40
4 75 9.50 96.0 7.39%10°
5 85 10.0 79.7 4.95%10-5
2.67
6 85 430 87.1 1.32#10*

*Entry 2, 4, 6 polymerized in the presence of MN and Entry 1, 3, 5 polymerized in absence of MN.
kqpp Was calculated at low conversion. The polymerization of Styrene (8.571mmol) with a 1:1
molar mixture of CuBr (0.08571mmol) and PMDETA (0.08571mmol) as catalyst and EBP
(0.08571mmol) as initiator.
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Figure 3. Dependence of number average molecular weight and polydispersity

index with conversion at 65°C (——: My, ,8: Mncy,, ¥: PDI)
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Figure 4. Dependence of number average molecular weight and polydispersity

index with conversion at 75°C (——: Mnge,,8: Mney,, ¥: PDI)
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Figure 5. Dependence of number average molecular weight and polydispersity
index with conversion at 85°C (——: Mng,, ,8: Mn,,,, ¥: PDI)

M3, E 4, B 5 SAARARET, KZHEEBRMEHEETH
BREVNDTRERADGEHENRZ N XRE. BEAGERTFHY A
REMMERYTRMEZ, HETM AMENBREDNS TRMEMEILE
H KT 2LEHK. HRTREAES FREFMENXRATUEH: ZAKR
FiRREMNSTEVERS TERK TR _BEETHBINREYL TR
MRS FRENZE. BPOTREOMGBERYE, BMAFREYNEIH
B, S ABET L 5. BEERENAE, ZAKRNS TESMEHEE,
A ZIEARRE D TR G BEHI K. 30 H % hRBERE RS RERT a4
RO ENARERR. EERET B, 2 EAERE) % HEEH L EAR
£, MERRRET B i BERENN MEBREKRE, BEREYHSTES
MEBHN . HRZEERATE, E=MEET B BN R NI R ER
W, BUEHEREMTE, ARTKEHEARERX, BREYHI R
WK, B2, ZABRAAZRBERTREUS FRESHUEREL, A TES
AiFE 1.5 LT, BINMERBFEBUERANFE. EENRMARZEREH
BWEHRENSTE, BEARTAGRELLERY TR, SHENREY,
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3.1.6 AR E BT

AR EZERE TR LTI REH: (1D WZBH3IA MR
THEBRN; (2) 5RARTFRREEYWIRRESE; 3) 55IRM™EEMMR
TEIRFIMSE: () A-ESKERARERNIRES. BT H—PHINER
Rtk RS R 2B R F 88 B i BER S, RITEAT T — R 5Kk
RAE

HTFRZFEP#ERTRE, FR BN TR R R ERE
BATIRB T REEROMR. BT _FEETRINREZBHTRER
i, RFBARELKEHERASEY RFEB B ERSTBNRELM L
—%, FBRAERAREFHIAZERANGES CLE 13 AE 14). Fik, FZEH
AFBH SBUREM R S

MN
EBP

1 l.“ i
MN/EBP=4. 0
||*Txr{|lr1‘r|r|l|wl‘|&|||r|x||1—r|fvvrrt‘v——r—‘w—r‘%——v‘
ppm (t1) 7:0 0 5.0 40 3.0 2.0 1.0 0.0

Figure 6. "H-NMR spectrum of MN, EBP and mixture of MN and EBP heated at
75°C for 1 hour

FEF#BEHERSBTRIBIM MG ETHBRNSR, K =
RO 88 5 51 R U4 P U S5 e 6 90 BE T (R A3k s BB T 2R b T IR UE 7T e
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#, ¥R K5 —BRFERZELL 4: 1 BAGEFEE RN FHLFIAER),
FF 7SCTI#K. BAZFEH « —IRRRRZBMEIBEY D RIHTHERIE,
WA 6 B, HAMNALEMBTLFE, #H MN 5 EBP Z#HEARKEME
FARRIER, R\ MEERHFIEETIEFSH BOERBTE.

ATHEREHTR _FESFE F=ES 8 EAREFHRILT ORI
TH{RHERE RN, RITEEA MN A% PMDETA 5RATHREAR KR TH#
BEHERSOBULN, £ 1SCHRUEXZERES. TRERKRN, RBEEHX
BEHBAMREZF/ORE, RTAEHT EZZENRE. Hit, A-FS5H
BEAHAREMRERZIERENER.

BJ5, RAVEINAFLLF K MN F1 PMDETA R EWTRRIRIE, KA
MN 5 PMDETA Z (A R4T 8 BEAHEER . B 7 %4 57 PMDETA F1iA 0,
025, 0.5, 1.0, 2.0, 4.0, 6.0 MN £REIB AWM ZREE, PMDETA f8
BB BT R. W BRI PMDETA SR FHEMBRET AR
KR . BEE MN DA B K, Ha f1 Hb &, He F Hd RigEELEH#F,
WIENTF, BIELWRIKHBE). H5, Ha, Hb, He Hl Hd RIEHERZ LLIHER
Fh 4. 4: 3: 12, AT AHER MN 5 PMDETA Z [AJR] REF= 45 F R AIAHE
£ Fl . Ha 71 Hb fyii %, Ho 71 Hd #1504 A R AL T BE £ th T4 R MN 2 F PMDETA
5 MN ERRBARS FHR S . R, B5F MNSFH—CN RBERET
#[f, MN 5 PMDETA #HE/EAHISS T PMDETA L TR, MTME
PMDETA MM B HEKABS, R, MN 5§ PMDETA WMHE/EREKT
MN 1 B3 b 87 (R BN, i MN o IE B (4L 2008 M 6 3.67 ppm I H
%% 3% 6 3.54 ppm.

2 T HAE MN 5 PMDETA {EF R BRI FESREAB RS, RITNWN FE
TR ZHRE REEREATRRRIE, W 8 Frm. RN BRI T
&0, 7£63.54 ppm AHIRT WHEMILE. RNEBRZUERENERE W 5
PMDETA B AWM R RE L R — B, RAERARNART MN 5 PMDETA thF
EEMTER.

ERTHBAMERAERES, AR 5HEK A OEL T HETE, H
B dta s TRRF AT S B RE(R B B B0A 5, fDHIUEL L, KB G
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RE R FEEALERSNRURSEERMIRT B B 5 54k Z 8] 10 i
EEFHK, ENRTETFEBIROTEHEY. ERERTHORME, BRI
HT MN MREZHBREFHEBAHERSWATEEIE, W8 9 fix: BT MN
5 PMDETA P4 T 4 FRIMEAEA, 85 MN HEERAKN RFEWETE
FEMRE, NTHIBET NEFEH (D BFZE0ER. # (D BFT8
A lewis B, T CuBr/PMDETA/MN FH94R (1) BF i FHECAIER Z2HI5,
BH I lewis BRPELL CuBr/PMDETA H41 (D BEFHER, NTTHRTARER
ZHEEEH (D BFhOREEER, FFTF Br BFREB. XTH D &
FKit, CuBryPMDETA/MN Hfj4 (I1) BSF Lk CuBr/PMDETA F4i (II) B
T lewis BRIESR, BRI THMKEHENS (D BFPOMER, kE dD
BFHEE. £k, HAERRUTETRNETHEahERSHRERERY.
BMEZ, MN fER{RH TRETFHHEE, ANNRTEUSHERSHETFZ
B B TR

b a
PEDMTA N abg ld
L o EE—
MN/PMDETA=0.25 ° ¢ ap cd
MN/PMDETA=0.5 ab c

MN/PMDETA=1.0 l&}

MN/PMDETA=2.0 @b e

MN/PMDETA=4.0 BLS

MN/PMDETA=6.0 J\
E— . ‘ @_b L r\r S
Fppm (t1) 3.;50 3.60 2.50 2.00

Figure 7. "H-NMR spectrum collected from the mixture of MN and PMDETA

with different ratios
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[ B A
J»/\ ppm (1) 3.550  3.500
L

LA L L I N LA UL A IR DL AL I B
ppm (t1) 70 6.0 5.0 4.0 3.0 20 1.0 0.0
Figure 8.: "H-NMR spectrum of the reaction mixture of ATRP of styrene in 75°C
for 130min
l I
Br—Cul—N— —M-l.- Br— C/ul- --N Br< ul. --N <
W R
Y N CH(CN), gn N CH(CN),

O

—N /> styrene —N
Br\C/u”--N—" Br\C/u”' 'N/ Br~c | ull-
A S LAY

gt- N CHCN), , ) \CH(CN)z
(n+l)

n
Figure 9. The possible mechanism for the rate enhancement in the presence of

MN

BHiE, Percec %R — ARV FIFAET, WI{¥ CuB/PMDETA =48
W R M4 B CuBry/PMDETA 1 Cu (0) MTIINRE S RMER. K THIE MN
FIMARTESREERRRESWRN, NTTMREE RAEZR, FAIX ATRP #
WAERHEAT RSN EIENRIE. B 10@)7 54 MN, PMDETA UKk _FREVH
%500 E, MESE4, MN R PMDETA 7 250-800nm X B3 ER ML, {ER
ZHIRAYHTE 3150m, 380nm, 425nm L& HEL T B B 49K SR I . B3 7 10(b)
A4 CuBr/PMDETA 1 CuBr,/PMDETA 457 291nm, 329nm &b HBLE MR K
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%, P 10(c)P E%1 CuBr F CuBr, 7E 250-800nm 3 KR4, & 10(d)7514

CuBr/PMDETA/MN #1 CuBry/PMDETA/MN K464 Y12 B, B 7€ 455nm & HR

W, JEEZAE 445nm F 545nm AAEAER WS, B 10(2)F RSB T

MN & PMDETA Z {8l &4£ T HEAEH, X st 5 BB RENZER—. i E 10(0b)

MATLEH, MN KM EEH RN RREIDEERETHENR

4., CuBr/PMDETA/MN fiiF 445nm AbHIRURIELS CuBr,/PMDETA/MN A7 F
455nm Kb ETR W4T BARIE . Bk, CuBr/PMDETA/MN 47 F 445nm AbfIMR i

TTRER R AL R N A R CuBr/PMDETA/MN IR i .
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Figure 10. Uv-vis spectra of reagents and their mixtures.

Reagents solved in cyclohexane are heated at 85°C for 1.5h
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3.1.7 REMEHRIE

T

" 3000 2500 2000 1500 1000 500
Wavenumbers/cm"?
Figure 11. FTIR spectrum of polystyrene obtained in the absence of MN

T

3000 2500 2000 1500 1000 500
Wavenumbers/cm-!

Figure 12. FTIR spectrum of polystyrene obtained in the presence of MN

B St;=0.9821ml , EBPg=11.14ul , CuBro=0.08571mmol, MNy=0.0228g,
PMDETA(=18ul, (MN])/[EBP}=4/1), 7£ 85 'C F &L 3 h,#{L% 72.51 %, HEE
SFEN PSt-Br MEEAY (PDI=1.15, Mn=7.3X10") , LSt BETH
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RS S5 AT T V1P R

B u fE RS ERRTFEEBHERANN_BHREETRANBER
FZRBMLHNER ., 2050 E b i % 2847.17 om™, 2921.89cm™ R E Z A
C-H W3R %: 3025.47 cm™”, 3052.63 cm™, 3083.36 cm™ AWK 25
FHIRI=C-H BB AE R BITR 4 ; 1492.97 em™!, 1601.22 om™ B T R B 4245 3) TR
Weide; 697.78 cm™, 755.72 cm JBF REURER LIS E S dhREIR K
1726.32 em™, 1798.01 cm™, 1874.82 cm™, 1936.21 em™ BT RELER LA W
M RS R B ; 1452.01 em™ BT C-H & i IRIB A&, 1R EE
e R B 12 TPZE 2240 om™ A HIUE R R IRS) B ok, iR R E LN
R EEEE—H, AREARALIETHEERARBARSYNEH L.
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Figure 13. '"HNMR spectrum of polystyrene obtained in the presence of MN
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Figure 14. "HNMR spectrum of polystyrene obtained in the absence of MN

ATRIEASERFRENEHUES, RNF—PN LBRELHHT
'H-.NMR RIE, WEZHEEHTHRHITREVNHEALEH. B 13 E 14
SHAERETFESAHERANARFETRANBRELENREER.
£ BH R B RIAR K. 81.23~1.96ppm A E &Y E#E LS (Ha, He)s 62.05~
2.15ppm AR EYAS LW FEKE(Hy): 54.30~4.59 AR EWA IR G RIBER
FEEME(H); 5628~7.20ppm N AW EHE EXFHEMH:, Hj) Hs
83.75~4.05ppm AR AWK RS RAREN T FEZ(H): 50.82~1.22 AREY
AR FRIEN FEL(H,, Hp); 52.18~2.28ppm AR AWK K AW A £
PHE LT FE ENEH). W5, B E5RETFARSHFE (Ha) EREUK
WBIEFRA EHTEFENE (He) WRSHLTUAEAIFTRERANEKSY
BATHEIE 95%.

B 13 58 14 TLHEH, MEAFBEHFBRREREREWEREL, A
AN MR ARFBNREEYEZABRNNESVWAR B, R-HEED
REIBPRAESESREVNARK, RmEEs.

3.1.84R5i1ie

AEFRAT R _BEFEYNEZBRTHRY A HERSOMEER, FHE
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R, BIMEFBALEN TR B ROMENE. BB TER:

1. WHMEAZEGEY, NZBER_E, A2l —9ER-BRAMEREL
fEd, RERAZBEIMER, BEREHXZERE, NREIFFEVE, 2
BRI REZSE.

2. AZBXEZHERFEBEUERSAA RFOMERR, HHEERER
Rt BB AT RFIFHERK 4 £,

3. AoMEHEETHERLEREINFMEERRIFHLNE, FRaE8HREH
REEYMNTE, BIASTEAMNMENRELSE, EAR_BHEETELERE
BRIFHEAHEREGHR,

4, BEXNEZEOMEYRREFRHEM, 65C, T5CHM8CT, R_FEHHF
ERAMERZEREERRER 1.8, 2.4 15, 2.67 5.

5. A5 AEMARESFRIER, R TREFHEBURMRTEMM
Rz B fEEih, MMTRET XZHEWRE.
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3.2 ZBAMRRITENFE TR CARTRBEARERS

3.2.1 BHZBABREAITEMNNEZHRSHMERAR

HTFA BN EZENR TS AOERGES T R0 &R R
X R BIFRIZHIREMN S FRREM, B, X TRESHEREREN
LEBARMT AR EHEN TRZHENREREMEERATIET RITMNE. &
AT=MZBNERGEY, WZBARAAT), FEZBERNE (MPD), AR
BiNEd (HFA), #ITHIR, BERNHEWWE 3 firn. TREIZBEAFFF
RIBARENTERLKHHEFEBS ALERSATECANMEER, 6 MFHE
WRGHIEB|T 68.8%H 71.6%;: MARIBARFLER, RLFEEELLRES,
6 NMTAKURREF 6.5%. BRLHBAFEBMREZENES, BENES
YN TFROESIBRERE, REVHNSTFRMMAK (PD=241). HHLTS, ¥
HIBARENREZBREWFN XEBRFNBHREYNI TRASTF
Bofm CELER 71.6%E, Mn=6200,PD=1.20). Hit, EHEFEZBAE#*
ITRLIFEREREIMERR.

O O o O o O
A AN AN
H3C)k ﬁz CH, HsC C'H CHs FaC ﬁz CF3
CH,
AAT MPD HFA
Table 4. The polymerization of styrene in the presence of different additives*
Additive [Additive}/[EBP] Conv.%  Mn,, PDI
None 0 38.9 3000 1.38
BN (AAT) 4/1 68.8 3600 241
HEZBANE (MPD) 4/1 71.6 6200 1.20
ANRZBNE (HFA) 41 6.5 - -

* The polymerization of Styrene (8.571mmol) with a 1:1 molar mixture of CuBr (0.0857 1 mmol)
and PMDETA (0.0857 1mmol) as catalyst and EBP (0.0857 1mmot) as initiator at 80°C
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3.2.2 BRZBARRKENEZHEEANEE

ATHEFEZBAFMPD)NREZFEREHBRERE, HRAT AR
MPD FI B HEZHEHRAMET, HERAE 15. 80CT, XZHEZEER
B4 6/, BUBNN39%. “UERFMA MPD i, HFAZHTREERK
EARBEEMK, UMK MPD XT3 E5IKAIMARN, ARAKEARH
BRI, BE S T4, 4 MPD BIMARRNSIRF S 56, SRR
HEALRABRK (76.9%); MPD HETHBEESYHS FRIME LB,
BIKTiX PD=1.17; ¥4 MPD 53| RAMELEIN 4: 1 0, FIBHRENH TEE
BiSHTRERENEER, WEZANRELERE 14%. HERIT L R0 EE7E
RAWALR R, B 4EFRRTEED, B NRBRIFHEHREEYNS
FRERMANABNBEMELF. Hik, #EFH[MPDY[EBP]=4/1 fE XM
BETEBHHERANRERE. UTEWLRIRMA L.

Table 5. Polymerization of styrene with different amount of MPD for 6 hours*

Entry [MPDY/[EBP] Conv/%  10°Mnpe  10°Mne,  PDI Diff./%

1 0 38.9 3.9 3.0 1.38 23.0
2 1 53.1 53 42 1.25 -20.7
3 2 632 6.3 50 117 206
4 3 69.0 6.9 54 117 217
5 4 71.6 7.2 62 119 13.9
6 s 76.9 7.7 58 125 247
7 6 75.1 75 63 123 160

* The polymerization of Styrene (8.571mmol) with a 1:1 molar mixture of CuBr (0.08571mmol)
and PMDETA (0.08571mmol) as catalyst and EBP (0.0857 Immol) as initiator at 80°C for 6 hours.
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Figure 15. Effect of molar ratio of MPD/EBP on conversion.

Experiments were performed at 80°C for 6h.
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Figure 16. Kinetic curves of polymerization of styrene at a variety of

temperatures
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B 16 AEZBEARFRMBE T#ITRFEB B LERERNAF) %
%. NEHRTUEIRNERTY BARREE M MPD HIEFIGRS, KRRE
RN In ((My[M)) 5 RIEE ¢ BRBFH—EIH%¥RR. 7 70-90C
RIRET, MPZAGREM, T MPD KR E&3) %ty B B KIR 2,
PE RN A4 B .

3.2.4 REMBRZEBEREMENR TG

HTHAMAMPD &, BENHMEBRKZW, E(MPDY[EBP]=4 i,
AT T —RHIAREETHLR. hE 16 TUHEHARBET, XZERE
RNHFENESERELR, K6 Fix. BHFREET, MEAFETHRAR
ARV EFABRRNIRARESELRAM L, ATLBHEE 70C, 80CH 90°CT, MPD
IR Z BB SRS BT LUES] 1.34 1%, 1.79 £ 2.25 f5. BHEATA, BE
KR E R TR E MPD X E ZMER A HINEMR.

Table 6. Polymerization result in a variety of temperature*

Entry Temp. ('C) Additives Kapp (mol-1"s™) Multiples
1 70 none 2.80*10°
1.34
2 70 MPD 3.75*10°
3 80 none 3.56*10°
1.79
4 80 MPD 6.38*10°
5 90 none 5.86*10°
2.25
6 90 MPD 1.32*10"

* The polymerization of Styrene (8.571mmol) with a 1:1 molar mixture of CuBr (0.0857 1mmol)
and PMDETA (0.0857 1mmol) as catalyst and EBP (0.08571mmol) as initiator at 80°C.
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3.2.5 BEMBEEZEAEIZHURAE W

10000

2.50

8000

6000 -

in the presence of MPD at 70°C

X

+2.25

b

-2.00

-1.75

iad

-1.50

-1.25

Figure 17. Dependence of number average molecular weight and polydispersity
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Figure 18. Dependence of number average molecular weight and polydispersity
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index on conversion at 80 C (——: Mn., ,8: Mn,,,, ¥: PDI)
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Figure 19. Dependence of number average molecular weight and polydispersity
index on conversion at 90°C (——: Mugeo,m: Mny,, ¥: PDI)

% [MPDJ/[EBP]=4 K, ZE—RFIEE FTHTEZENRELE, WREE
A FERSTFESHNZH. 70CT, PRZBMEARFETHARSYNST
BEATFEAMGERUERZ AKX RBLENE 17 Fin. BREVHTTRIMERNL
EMATRNBEK, BEYNSTRSERSFRTEE. AN, REVWNS
FERAFBBUAK, BHET 1.3, KPFEZBEFEFETRZBHOREHENE
RAOKER. A TEREEN MPD FETRZHRFHEARERSHRANREY
ST REEE R AR W, FEESOCH OCTHATHTERSTE
SRS IR EE, R 18 M 19 FiR. EFRENEET, RAWKDT
BYERKERELXR, LRFBHHTREERS FRESM—B. HEE
MK, BEMMBEMMUER, XTREETREMABUEARR S B i EREH
KETBIHER . WERBL GRS TRIEHBEREAREYM, MPD FE T
RIARTF S EER S,

3.2.6 HAEZBARMENRR

X T B 2 LB R BRI RS NBX SR RE . d1T MPD A MN
LM LpARLL, BESHEEROEFE, Fit, REBIRE MN ALRNE
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PLE. & 20 5 MPD 544 PMDETA #5| R 7 EBP KR AWM EREEE, BT
# B AV EH g% HE £ MPD 5 PMDETA M EBP R4 {ERMIH(5
S, Y MPD KIIEERAH AR B TESRARESIRFERFEEN, X
5 MN g LR F .

MPD
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Figure 20. "HNMR spectra of MPD and its mixture with PMDETA and EBP

FELBABRRERZKETES B hERETE ST MPD INA 54
FERBLEY), ATIRT XZHMES. WwHE 21 FioR, BT MPD HFEEERR
MR R SRYE, RUERREE LR TR REEREE. B 22
4 MPD BA & MPD fFE TR ZIGR A R MW ARG E . MPD BRI 43
RuEHR. MNRNEBEZES, W LAHZKE 2 MPD KIEE7E R M PR
ETHENMNE, HikEHRESHE5). MPD HEMBRIESBINRETHT
ZRBERAZERISNSER, TIHEFRN YIS TR MPD SH B Fr=4A
E1ER, RTRIGETHRRIIFSH.
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0 0 OH O
a H?,c:)ggkm3 a dHﬁMCHa f
H
b ¢

H,C CH,
(<

Figure 21. The equilibrium between the isomers of MPD

Reaction mixture

d, f

a
e b
A A__JL/LM
l L T T T T T T ! T T T T ' T T T T l T T T T [ T T
ppm (t1) 3.60 3.00 250 2.00 1.50
MPD alid, f
e
C | b
M Y VN \
r L L T T r T T H T ‘ T T T T l T T T T I 1 T T T T T T
ppm (t1) 3.50 3.00 2.50 2.00 1.50

Figure 22. '"H-NMR spectra of MPD and the reaction mixture of ATRP of styrene
in the presence of MPD at 80°C
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_' MPD
008 IoMDETAMPD

Absorbance

0.00

200 250 300 350 400
Wavelength/nm

Figure 23. Uv-vis spectra of MPD, PMDETA and their mixture

B RBMBEZRER, BilKIMEIEHR MPD XHENGRIEH. K
23 %y MPD, PMDETA LA RKIBAWINIESEI%EE. PMDETA RS EBA
BAEWM, MPD 7E5 563 = IR 0 U ILZE 290nm 4. EFIKIREWIHIR K
it 4 B ZE 290nm &, L83 PMDETA 5 MPD Z [ ARFEMEIER.

0.25

] CuBr
0.20

0.15-
CuBr/PMDETA/MPD

CuBr/MPD

Absorbnance

0.051

0.004
200 250 300 350 400
Wavelength/nm

Figure 24, Uv-vis spectra of copper (I) bromide and its mixtures
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B 24 R R4 T H SEAR MPD RSB SMGIER . CuBr R7E 208nm
Kb BRI Wk . CuBr/MPD R i Y BLZE 207nm, 290nm &b, TIXP5AMiE 540
CuBr 1 MPD 4 tH ¢ 57 B — 31, 99 CuBr #1 MPD & F H H ¥ . CuBr/ PMDETA
7£ 215nm, 292.3nm AbHE R, T CuBr/PMDETA/MPD ff)4€ 5 MR K U HH B4R
202nm, 261nm, 303nm #! 330nm 4. CuBr/PMDETA/MPD 5 CuBr/PMDETA 7
EhER EEERNET MPD 5 CuBr/PMDETA A THEEMR, R
MPD 5 PMDETA,\ & MPD 5 CuBr Ut R AR &F=4EMAER, RELYX=SE
R R, BAIZEASEFARIIER, TERERT HIwHM.
0.30

4

0.254

0.20 4

Absorbance
o
&

0.00 \ . . : . - .
200 250 300 350 400
Wavelength/nm
Figure 25. Uv-vis spectra of copper (II) bromide and other compounds
25 FiR{A SEAAR MPD HRIE-EWEIRSMLERE . CuBr 7E 209nm,
267nm At HH BRI Wt i€, CuBry/ PMDETA 7 215nm, 311 nm ZF WK, CuBry/MPD
R Wi HERAE 207nm, 290nm 4L, T CuBryPMDETA/MPD 7R it M th BRAE
203nm, 300nm 4t % CuBry PMDETA, CuBry/MPD 1 CuBry/PMDETA/MPD =
HidAREL, TTLLE 3] CuBry/PMDETA/MPD F TR i B 7E 125 f 7 2 0 ) IR UL
Bz m, R EREE L EHAEE TS, XEE B3 MPD A
H5REREUFIERT Hms.
MPD WA %3 5B AR 4R AL T $ 4%, i CuBr/PMDETA/MPD
CuBry/PMDETA/MPD X % A #) % 2 [8] i) %% 46 W 8¢ Ltk CuBr/PMDETA A
CuBr,/PMDETA 2 [8]fi#E# . MPD fIANA T BER 2T A B EH,
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MPD #0775 T B B O SR DL 2 (L OB ALAE S T R, IR T
MZ MK R THRBER, NTTNEZERNREF=EMEER.

3.2.7 BAaMEHRI

T T T ‘ T T T T ' T T
450 4.00
ppm (1) L
— — . L

AL AL LA T L L R L Bt A R L R U S A N N S B L H N B AL AR M A IR B St N L RO A S AL B

ppm (t1) 8.0 70 6.0 5.0 4.0 3.0 2.0 1.0 0.0

Figure 26. Polystyrene obtained in the presence of MPD at 80°C for 6 hours.

B 26 5 MPD FAETEZBEREFAINBERLEHZRER, Hike)d
RBWER 7 Fim. SZAGRTBAREX LKL ERMLLE, MPD FETH
BEELIGHIEEEA—B, EEREEHHRAHEE. ditRYA, MPD B
HHRBEREYHET, MPD EBNMRAT RSP REINEER.

Table 7 Assignment of 'THNMR spectrum of PS obtained in the presence of MPD

Polystyrene 6 (ppm) Assignment
h d ©¢© b a 1.26~1.98 Hgs He
H, H
H H ! l-‘l 2.03~2.15 Hyp

=C : n 432~4.62 H
0=¢ "H H .
0o : 6.31~7.24 Hi, Hj Hy

K 3.80~4.05 H,
0.84~1.22 H,, Hr
2.18~2.28 Hp
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.284R51H

FERART ZBAME AP EZHBRFEY A ERESRIMEER, 5F
BB, RMEFRYISHER T REZBRBN AR MENE, BEUT
i
1. B ZBREART DS, REFEZBARESENREZHERENR
i, HREHIREVH S FRRBIRIBERNRELS  BIMFST 5 8
BTRAETURBRENAFZEE, AR TINE; HR%EFERWET
BERMN.

2. MRREZBAREMARNSIRFIARK 4 50, KXXZERETFEREH
BERERERBHMEER.

3. FRZBRMAGLET, XZERAHNFHEEIARIFHEME, RETRP
RAMH TEMBELENMKELHHK, FBRAUNITFESHBIK, AR
AhEEBHEREAR.

4. BEMPEZBRRMREZERERARHEIER. 70C, 80CHITT,
FRZBARMREZER SRR R LUXE] 1.34 5, 1.79 5501 2.25 1.
5. FEZBANS#ERREER, MR T B AN 32 B #E4L,
MNTRE T EZIFHIRSE

3IW_M_ZERETEVFETHEIARS

L3 1 BMAE R -EXITEPHEZHERESRINERR

HTFA—BM_ZEEETEYNRE S5 2B R BT E Y AR U 4 AT,
H iU AR BB EHR BN R FHB A aERE, 5IET
BB KIINE, BIERHTUMHE B _ZEEGEY, IR_KR_Z8E
(DEM), BHEF _M_Z% (DEMM), —Z%K M 2% (DEDEM) K#
TER_M_Z8 (DEBM), #HITHF. & 8 X 80°CTFH ZMERR KZ
TRE 6 MEIEE. NRPTURNK M 28, FER_-BR_2Z8, —Z
BN _M_ZEAANFET, 6 /DirAREEILENFIXT 67.8%, 81.7%F 70
%, MTRZEHNRTFEBBLERESRARBROMEER. MRALHET, /T
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R M ERA R BB RIAD] 45.5%, MEZEREE —EHMERER,
EREE. B 27 AZELL EFFEIA THREAEELEN GPC L, NEFATEL
% %) DEM 1 DEMM £ TR BB R LM GPC phsk L Mg, BIXH
MAMFGFETREAMRTREKNERER S TR AIKE. DEBM M
DEDEM fEARMAI T REIMREZMEN GPC dhek b ik, T H o AEE L&
% (43505 PDI=1.32 M1 PDI=1.21). HF ZZER M ZEEEI B IR K Z 1%
REEER, XBREFNZHREYNSTE BIAREMNMKREY, Hit, R
TSR ZERN _—BR_ZRARZHEER SRR .

0] O

o) O 0]
to)kﬁ)K )L )LCH OEt EtO)E 31\0 Et
2

OEt EtO CH OEtEtO
CH3 t-Bu
DEM DEMM DEBM DEDEM

Table 8. Polymerization of styrene in the presence of various additives

Additive [Additive}/{[EBP]  Conv. % Mn ¢ PDI

none 0 38.9 3000 1.38

WM —ZBE5(DEM) 11 67.8 5400 1.30
HEKN_K " ZAE(DEMM) 1.511 81.7 7200 1.25
ZZER M _ZB(DEDEM) 0.5/1 70.0 6200 1.32
BT BH _MR_ZFDEBM) 4/1 45.5 4700 1.21

* The polymerization of Styrene (8.571mmol) with a 1:1 molar mixture of CuBr (0.0857 1mmol)
and PMDETA (0.08571mmol) as catalyst and EBP (0.0857 1mmol) as initiator at 80°C for 6 hours.
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T v L '

T T

10 12 14 16 18
Time (min)

Figure 27. GPC curves of polystyrene obtained in the presence of additives

332 ZEAR M _ZERENECHEBENENE
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x
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Figure 28. Effect of molar ratio of DEDEM/EBP on conversion.

Experiments were performed at 80°Cfor 6h.
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BT DEDEM HIENEZEEHREHMEW. B 28 AT FAENK DEDEM F
Hikde{p % 5 DEDEM FIEMXAE. B 28 R8I, Bi¥ DEDEM HRMIY K,
BAAFEE RRIMA, % DEDEM MMARXT EBP FHRK 0.5 &6, #4%
HURBEREEET TR, 80CT, XZBTARRES 6 /M, HUHER N
39%. HfERF A DEDEM A5 K7 EBP FEMH 0.5 f5rHA R A AR
A 700%. £9FHBERA, SZAKRMLIL, DEDEM FETF, SRRAY
REBBISTEIGBRENRESY (PDI RIETLIAS 1.23), FBREAYNS
TESHRS FEFERE. HT[DEDEM)/[EBP]=0.5, ARMMEMERHE,
ANARREYNSTESERSTFREEE, 2485, B, BE
[DEDEMJ/[EBP]=0.5 ) DEDEM k¥ Z & B & B E.

Table 9. the effect of molar ratio of DEDEM/EBP on polymerization*

Entry DEDEM/initiator Conv. (%)  Mn e, Mn,,;, PDI Diff./%
1 0 38.9 3900 3000 1.38 -23.1
2 0.5 70.0 7000 6200 1.32 -114
3 LS 52.3 5200 5400 1.23 3.8
4 2 54.0 5400 4200 1.46 222
5 3 51.6 5200 4800 1.32 1.7
6 4 41.5 4200 4300 1.27 24

*Styrene (8.57lmmol) polymerizes at 80°C using 1:1 molar mixture of CuBr (0.0857 lmmol) and
PMDETA (0.08571mmol) as catalyst and EBP (0.08571mmol) as initiator.

3IJZERBR_ZENEILHRSHEHYRAR

ELIEVHERMET, A 0.5 551K FH 2K DEDEM, T 80CTFXE4A.
B 29 KU DEDEM FE TR ZENR G N FHERMRIFNEEXR, S
HEFEHEKERFEE, HEEEHERSHIFTEZ—.
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1.5+

m DEDEM

® none

In([M]o/[MIt)

Time (hour)

Figure 29. Kinetic curve of polymerization of styrene in the presence
of DEDEM at 80°C
B 30 RAREVWHBH ST RS BIERE B4R KB, B2
FREHUERRMRTUE HEEFUREEK, REVHSTERK, #8
Z#HRIEHXR. DEDEM FETHRINRELENS TEIHERS TR
N, BRZH LR, R, REZBNE 0B REAREE R KE
iR/, BATEET 1.5,

10000 e 2 50
8000 L 2.25
L 2.00
6000 A ) i
c | ol -
s A& -1.75D
4000 - L <
i L 1.50
BB v I
2000 v L 1.25
13— 1.00
0 20 40 60 80 100

Conversion (%)

Figure 30. Dependence of number average molecular weight and polydispersity

on conversion (——: Mny,., ,m: Mney,, ¥: PDI)
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A 29 ME 30, WTLAEH DEDEM BFET A ZBE S HF ML AE BRIFH
&M, REVYNIFEMENRBAMEEY K, 2TFEMBEE, HEETER
EHIFARE, BEANFHEHERSEE.

3.3.4 BEaMAHIRIE

ﬂmﬂmﬁm
470 460 450 440 430 4.20
ppm (t1)
_ L

AL AL L AN L R A LA S AL S A SO SO A B AR B SN S S DL A SR BN AN SN A T T

ppm (t1) 70 8.0 5.0 40 3.0 20 10 0.0

Figure 31. "HNMR spectrum of polystyrene obtained in the presence of MPD at
80°C for 6 hours

B 314 80°CF, U= ZEN M- ZE N IEFIFT AR E LB BHEE .
GBS TARRATHERRLENIEEEL B, WP _ZER _M_Z8E
MREZHRERNHBES RS FRELHD.

3.3.5 LERGitig

FEVR TR _BR-ERTEYNE AR FHE B ER SN IEER.
BEILUTE®:
1. WERZZE, PER-M K, —ZER_BM_ZE=fhi+RE
TLENCROIBEHBEMREZEREORN, FRMEHNREWHS TR
RBEUR B HRE LS.
2. ATLENTMZEEOMARASIRAFARK 0.5 50, HMXZHEERT
B ALERSRAARBRNIEER.
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3. ZZEFN-M_IBMFET, RLBREINEMZEARTHENE, RE
SETFEAYSTFEMBELENMAEEEEK, FEREVNITEASMR
%, BRIEEDHERESER,

4. WEATORATEARE THRENRTFZER, FHATRERIHBORE
W, KA ERARENAFFRERE K.
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FME EHNPNEZHERSMETR

REB=FMANFIIEMATEZRHEATRP, EMEEREH, AFTFL
WA TV EE, BEAEWREYNYEEE, REHENTLK
AR, WA ZME (AldrichAF]) % 420.1US$/100g, i H3BOs 41 #& A (Aldrich 24
#])20.8 US$/500g, EHIEK.

Hao!"' 200244838 T ¥ 5 i BR{T &t T Kharasch-Curranf i1k, AT %5
WA -CHREFEB MR R NG 1%, EREVEFBRGNBREFEF M TR
BT RN ER A B 5 IR FE 4 F TR T 4004% . Matyjaszewski®™,
Ayusman Sen®IB7EiE M B R AT WS T Sc(OTH:H A1 5 AT
BHREVHHREH, RN RRESFROFEEBINMRAKHREER.
Megan Negel "B 51 T B 5 R A A TR SR PR P ERBR T RS 142
MR, GRRBRGITROFETRERNER, BEHTRNEEEHERS
AR BOR (R TR AR B R SR K, X TR L AR & R INERF MR
WARIE, I HULKE SRR B E, WYbOTH:MHE X23.8 USS/1g. AT
R —RINNTHIMA R ZERSER, T EHDEFET IR R AR
A, ABERTZHTHYENER. SEWKE. 7 TEWMRLMER, HR
TN B WG R FHERE B AR G E R IERAN 4T BIEH, FFxH
S FREHIEEETTHR.

4.1 RHBERFFAENEZHR SRR

4.1.1 BBEAENEZHRENTA

EAE A — T RN TN DR AR ERE S ZRFRA AT —RIIA
ARSI KA TR BN REFHS B UERE, LA ALREHREM
EEBIRIR R WA 32 Brn. BEEMMRMARY K, AAEARBERK, L3N
AHBIKT 5 W HALEAR TR RTTRR/D AR BB E T X LB RS HE
MR 9 Fin. LRKH, WRFETHARSYNS TREERS TRIEFEE,
FIET A SR, BIRFTIS 112, STHRRATIMA LSS 5 i, SRk
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77.8%, RAMATESERYFEREL, —ERERE 1.28%, RANREY
f4 Bt LR . PRI BE % ERER NSRS A R B BN AR A4 T B AR HIBR, &
#[H;BO;)/[EBP]=5 A1k R K BRAENIEWRE .

Table 9. Polymerization of styrene with the different amount of H;BO;*

Entry [H;BO;J/[EBP] Conv./%  Mnie, Mng,,  PDI  Diff/%
1 0/t 38.9 3900 3000 1.38 -23.1
2 1”1 53.2 5300 4000 1.43 -24.5
3 2/1 66.5 6700 6100 1.29 -8.9
4 31 71.0 7100 6300 1.31 -11.3
5 an 75.0 7500 6700 1.30 -10.7
6 51 77.8 7800 7900 1.25 1.28
7 6/1 7.5 7200 7100 1.12 -1.34
8 7/1 65.9 6600 6300 1.29 4.5

* The polymerization of Styrene (8.571mmol) with a 1:1 molar mixture of CuBr (0.08571mmol)

and PMDETA (0.0857 1mmol) as catalyst and EBP (0.08571mmol) as initiator at 80°C

80-
u

— 70-
X
5
é 60

o)

>

S 50
@)

40

o 2 4 8 8
[H3BO3)/[EBP]

Figure 32. Effect of molar ratio of H;BO; to EBP on conversion.
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4.1.2 SELEHRENEZERANTM

Conversion(%)

[A(OH)3}/[EBP]

Figure 33. Effect of molar ratio of AI(OH); to EBP on conversion.

AT HREDEMERER KR E RN BELS, BRITBZEENEKA
B, AHNKLEREGNZEE, FRLE 33, RS UEMESENERE
KIS KRS/ BPBRATATUE R LA EENAHERN S i, SR B
FURIEBBRARA 791%. £ 10 ANAEELERBETHARAYNITFER
aTESAEE. HRTH, REYHsTRESERS TEMLRE, ERES
VIR TR ABE. S48 ENEEN S, FiIBRAUS TREHERST
BZRNRERE 63%, A TFEBANEE, RS FEM BRI, &3 1.25,
Fitt, EEUBNREZERE B LLGIRTI RFN 5 .
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Table 10. Polymerization of styrene with the different ratios of AI(OH);/EBP*

Entry  [AIOHLJEBP] Conv. (%) Mnpe Moy PD Diff/%
1 0/1 38.9 3900 3000 1.38 231
2 n 66.0 6600 6300 1.38 45
3 21 68.4 6800 5400 143 206
4 3N 64.0 6400 4400 132 313
5 51 79.1 7900 7400 1.25 63
6 6/1 517 5200 4500 1.37 134

* The polymerization of Styrene (8.571mmol) with a 1:1 molar mixture of CuBr (0.0857 1mmol)

and PMDETA (0.0857 Immol) as catalyst and EBP (0.0857 Immol) as initiator at 80°C

41.3RTEMRAENECERAHTM

HABGEM AR, BURREHRRIHEAN.

901

Conversion(%)
N N ~ [0
e . 2.2 .°

H
o
1

3

[MPBAY/[EBP]
Figure 34. Effect of molar ratio of MPBA to EBP on conversion.
7EB0CTF, BRRTHME (MPBA) 55 RFIMELH], BFREXELER
FERKEW, HEXRWE 34 PIoR. F 2B EHE MPBA fn A\ 21 ik,
LIABRNSIRA 4 50, RN AR ERRERBIRKR, % 83.0%. A
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Table 11. Polymerization of styrene with the different ratios of MPBA/EBP

Entry [MPBAJ[EBP] Conv. (%)  Mnyy, Mny, PD Diff./%
1 0 38.9 3900 3000 1.38 231
2 2 50.0 5000 3870 147 226
3 4 66.6 6700 6200 1.38 5
4 5 83.0 8300 8000 1.36 3.6
5 6 73.3 7300 7200 1.32 -13

* The polymerization of Styrene (8.571mmol) with a 1:1 molar mixture of CuBr (0.0857 Immol)
and PMDETA (0.0857 1mmol) as catalyst and EBP (0.0857 Immol) as initiator at 80°C

11 AR MPBA HIRTHMESY B FERATRAGER. BR+P
$ERT LUK, BE#F MPBA/EBP LUK, REVNSTESHEHRS FRZM
BIRZ RN, JHHh S EANBEEREEL. Fit, REVITFES Mt
B& MPBA I\ B34 K T ZH AR, HALH 1.32. %5 MPBA IMABA TR 5 £F
o, SRR B EKZERE, XNRBFEREHESDRF TFREED A,
I, HEFHLE K MPBA HIBRERE.

4.2 RHRHAANGFETHRENNE

-

4 6 8 10

o
N 4

Time/hour

Figure 35. Kinetic curves of polymerization of styrene in the presence of various

additives at 80°C
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KU N FMRREERSHORERNEZ —, B 35 A=FEN{REH
FETERLERSKIBNEME . ZM TV RERFET R N2 HEHRE
REFHZEME. i HZHRMNMETUE N, ZHTIRENBNRZERER
HIRRE PR, EBCRIRF N BA>AH>MPBA. EATINEN R ERTHE
EHATHBIMRENERTERN, KRR DWRE HEIRE 5 TRE, TR
TEMRUTHYTHSIATRTEMERTHATEENTIHT KBS
SRR I PR

4.3 THBEFNRENS TENS TR HHEMN
4.3.1 BRMEZHEREERIZRYRHAR

10000

8000 1
6000 -
[
=
4000 4
2000 - . Mq,%
1.7 :
0= T r N v r . 1.00
0 20 40 60 80 100

Conversion/%

Figure 36. Dependence of number average molecular weight and polydispersity
on conversion using H;BOj; as additive at 80°C
(——: Mnge,,m: Mn,,,, ¥: PDI)

ESCT, MRFETELBREFTBREUN I TFRES TRAMXR
mE 36 fim. REVKDTREHURABRTEEEK, KRFTBRED
Mo TESERD) FRES . RAIEFBREVUNS FESAHILE
. WMREAERZBREHMEF B ERREHNRSYNS TR, HBIK
SREENRELLE.
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4.3. 2 S S BHECHBERRIZH VRIS

10000 250
8000 2.25
2,00
6000 U
= 175 &
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]
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Figure 37. Dependence of number average molecular weight and polydispersity
on conversion using AI(OH); as additive at 80°C
(——: Mnyeo,m: My, ¥: PDI)

B 37 4 80CTF, USEAEAENMEFRERZIERSHBREYH S
TESFTFEMMESRERUERNRRE. SHRSTEML, TRHABERE
Yo T RIRIK, HES TERKARHEHLRNMATIREEK. REVUNE
SEMET L5, SRLEREEEFHEHREVNS TE, HBIREN A
KIRELHE.

4.2.3 RTEWMBMHECHERERRIZHYURAR

FEBOCT, BARURNRTEMMINREZEREFTBREUNI TE
RoFEMABIEWME 38 Fir. REVK S TEAMHLRAM AT
WK, ERLERS TR/ REWKDT BB R AR LR KT,
FEARSVNZHBEET 1.5, Bk, BT EMREN MR R b
HERAVND TR, ARATBEUHRENREY, dRRAEERSHIE.
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Figure 38. Dependence of number average molecular weight and polydispersity
on conversion using MPBA as additive at 80°C
(— = Mnyge,.,m: Mngy,, ¥: PD])

4. 43It FEFGRY RN FREFBROPW

HTZRSFHEHIERIN K2 ATRP RS FEHEH, R ARRK
HTE, HBARNRASSIZRELAREETRE RN, FRLE 12,

SENEERIERE, EERITSTRMOEK, FEREYNSTREEHE
BATFRZENREETHEK. XRTHTRY 1 A, HEREN 6.3%, Hix
VA FRIZE 10 Hrt, BWEKMEMME 28.9%. R, WUFERRLTF
BHHEEAMESYNS B RMAK, R4 FRIEEAR SO
PMET 1.3, IR R ZBRENIERN, Rt TFEEK, KRNI T
BB HIRCRBE, BERSTEMMERERI) FRMRRMAK. 7 TE
FRRRYE A tEFIR, BAMNA TRSERS FEZ MK MEBEEE RO T
BRI AT A, ERFIBRESYNS FENMM 1.36 KR 1.25 LT,

LEF B STEN 2 Hr, AENENHRMNERMEXRAET
M. FEARRIRHE, MAREARALTFARRBEUELR 19% 11%. EEKR
HAFRIBA, HIERRSER. TR T RN IENN, ZiRH
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STEMKB 470, ARNERZEHARENRRAURASHMEYR. =HE
PR L1 R IERCR LR i v 2 T R K ER, KRR
ARER TR SR K. B TEENBNRER LT IsRERE, HH
BRFEALRFIRFIRE RIS, ERSEIEREJLRRE, 8 MEK
RALETRE. RTEMRATROTHIATRTE, NIMATEEXLHL
B AV ek, BIGEAEALTUAN R UM B AR AN 2 SEIE BUR = A B A K
W o

Table12 Effect of designed molecular weight on enhancement and controllability

Entry Additives. 10*Mng, Time(h) Conv./% 10*Mnge, 10*Mn,, Diff/% PDI

1 AH 1 6 79.1 0.79 0.74 63 125
2 AH 2 16.5 81.0 1.62 1.32 -185 123
3 AH 4 16.5 21.9 0.88 0.69 216 1.20
4 AH 8 48 36.6 2.93 2.15 266 1.21
5 AH 10 48 347 347 247 -289 1.29
6 BA 1 6 77.8 0.78 0.79 128 1.25
7 BA 2 16.5 73.8 1.47 1.21 -17.7 122
8 BA 4 16.5 11.2 0.45 0.38 -156 125
9 MPBA 1 6 83.0 0.83 0.80 3.6 136
10 MPBA 2 15 99.7 1.99 1.79 -10.1 123
11 MPBA 4 16.5 74.2 2.97 2.30 226 124
12 MPBA 6 29 74.0 4.44 2.94 -33.8 121
13 MPBA 8 29 58.8 4.70 343 =270 1.23
14 MPBA 10 29 50.7 5.07 3.77 -256 121
15 none 1 6 389 0.39 0.30 -23.1 138
16 none 2 16.5 62.1 1.24 0.96 226 123
17 none 4 16.5 6.7 0.27 0.24 -11.1 134

* The polymerization of Styrene (8.571mmol) with a 1:1 molar mixture of CuBr (0.08571mmol)
and PMDETA (0.0857 1mmol) as catalyst and EBP (0.08571mmol) as initiator at 80°C; ratios of

additives/initiator are respectively [BA)/[EBP}=5, [AH)/[EBP}=5, [MPBA}/EBP]=5.
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4.5 ZHEHMERMREZHEANEZE

B IR B AR AR RN B CEHABLRER. B TH 5 IR
BHRIBRRETHS, EMHIIASHBRER A IAPHEETL RS SR, 1
BT C=C WEE, NTMRTRERNERFNEHNTREVS TR
M ™, R Z BN R AR Sk, R A RNE R 5 TR
IRTTREH AR T Bk 58 5 B & & BN . titt, REUTFATRRI1ER
PLEL P 39 BioR. ALY, AT RAYERRNRERE T ZRIBRES
#) (Complex), HI§5T C-Br RHRE, MMRT C-Br BUTRLER, AmiRT
KZBRARMER, MBEEBRNERL, 25 AMRESR, MREZHE
REMYRBBE . X— R 5RNMLRLHAER, M=MEIULENENEL
HEABFRBROMERR, I8 IEBRFE % BA>AH>MPBA.

Com
Br ,,,B'r
PSt Ic PSt g CuBr PSt y
u + CuBr,

IC:Inorganic Compound

Com:Complex of inorganic compounds and catalyst

Figure 39. Possible mechanism of rate enhancement on polymerization of

styrene by inorganic compound

4.6 REMEHRIE

40, & 41 FE 42 SRR, SELENRTEMREFET, XM
RENARSYNKEGERE . EEE T EmE 13 fix. NiGESTLEH,
REVHNEHMEZ AR TRBREZENRSYNEHES—B, B 5 RE
REWEED, HRZBHORERRMEER, FREEREYERSINFHED.
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Table 13. Assignment of '"H-NMR spectrum of PS obtained in the presence of

organic promoters

Polystyrene 6 (ppm) Assignment
h d ¢ b a 1.24~1.98 Hgs H.
H, H
A A N 2.02~2.19 H,
8H3;C-C—1C—C+C—C—Br
0=C H nH 4.34~4.64 H,
0 ! 6.31~7.25 Hy H, H
€CH, ]
2
] . ~4, H
£ CH, K 3.80~4.10 c
0.84~1.22 H;» Hr
2.17~2.28 Hy
W — L
R T T T T L T T [ T T 7T r T T T T I T T T 1—r T T T T T T T T T ' T T T T I T
7.0 6.0 5.0 4.0 3.0 2,0 1.0 0.0
ppm (t1)

Figure 40. '"HNMR spectrum of polystyrene obtained in the presence of BA

X

FAvA | A i

LAY (N B R B S ERA SN SN L Y SR A SR SR E S AL B BN A |

T T ‘ T T T T ] T T T
7.0 6.0 5.0 4.0 3.0 20 1.0 0.0
ppm (1)

Figure 41. "HNMR spectrum of polystyrene obtained in the presence of AH
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LIS S R S B B B SR N S S (ML AN S R S B B SRR R SN R N

T T T T ’ T T T T I T T T T I T
ppm (t1) 7.0 6.0 5.0 4.0 3.0 20 1.0 0.0
Figure 42. 'THNMR spectrum of polystyrene obtained in the presence of MPBA

4.7 R 5118

FEHFAT ZFEESR, Wil SEMBNRTEMRNEZERTHE
BEHHERAGHMEER. BEUTER:
L R, SEMENRTEMMRYEBEMREZBREORN, HRHZH
RV TREBIRIBENRELSE.
2. ZMEHEYIMREZHRENRERA B ATIAKFIFARE S F,
3. ZMENMELET, RLERSINFHEEARFH&NE, REIETR
EYSTFREFARNBREEK, IBREUNL TEOARIK, SRR
EHEHERSHR.
4. HEWHTER 2 AN, AEMENHRSARONEZRIE TE. 7T
ERRRAE A IR, BB TFEERE 40N, KARZHIRETIRR
BB BOMERR. HERT I TFERNEX, ZHEVEFEETHREREY
K FEYHERS TR, NREVNZIHEZRAK,
5. ZMENLEY T, MBS TFRINBHEY, RBREVUN) TESER
SFERABE, YRS TEMEAE, NAFHERMEYR, EHARE
RITHI T .
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£3X4HER

L BHHMATH_H. ZBARURA M _ZES=RA74Y, L1
MENRMAGFETHRZLRETYBEHERARN, SRRUKN_MF
(MN), ZBRF = (AMN). ZBiRE (AAT). FEZBHNE (MPD).
W_M_—zZ8 (DEM). FEF M- Z8 (DEMM) MI_ZERN _M_2Z#

(DEDEM) MEZBHRFHY B HERSH AR RIFKIMERR.

2. HZIE (MN), BEZ Bt (MPD) fl ~Z.% K —# = 2% (DEDEM)
ERGFMHMENREGEEVERR, REVHTERLSTETE. £ 15CTF, &
IZLBIE R, B ERZHREE 6 M THUERE 86.2%, MM
TEBRER_ESS, RZENHEUERE 307%. FRZBREWMMN_ZEF/
B_ZEBANGFETEZHET 80CTRS 6 /piF, BAKMUERTIE 71.6%H 70
%, MHRAEHFRERERNGFEET, XZHENEUERT 39%.

3. B EESR (CHNMR). EAMEEUV-vis) ST BRI T T A HLIE (2
BEZERTHBEHERSOVE. AVMEFRMRE ZER SR R
RN AY SECASRE BATIR EAHTAER, Wtk 5 FE# U RS ES
BAREAEZ M RLBETEHY . ZBREENRN B _ZREEN P, #H
FERRENHHTREMENORFEE, REREHAFIGHETLER, X
ALFREAREN R B Z AR, Bk, BEHERFERMEEA %R
B R IR R A E,

4. RAT=MNESBOEINEDEENR (BA), 5T HEME(MPBA)
MEFUEAH), WHEZKEFEBRALERARAHEBNMENR. 80C
T, EMTHNULEWED B, B R RTE 6 /DI RIRE R 77.8
%+ 83.0%% 79.1%, FiBEREVWHSHRELERE, REWHLMSFEMEIR
SFEMIE, RAEEREGISME. BVMERNRIER, AERESYNYE
e, BHBENTIANARTR.

5. IR T =MENNEYNREDS TREFGRENE, Jki0ER
SFEH 20 000 i, HEMEANWRNERMIENRBETE. 7 TEWR
e IERN, LiiHSFRB A 4000 Hr, ENEZBHESTRET
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B B ETINERCR . HRAFRBHOMERR, ANFRRGUNT TEEH
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HoE, REFIBHRNPMAKBEHEL, FRALEMBHBLIER T TR
H. B M2005FHAN LR E B BAMAFER KN, SBEMAREET - ERE
MRS LR 0 RE B COESE, SRERTREBENONS, FRT
WHMEF, B ENATRIEZ R OMBE, ERIBE] R RIIHRS I
RER, MHBROBEROLEE. LZMMEHOER. BBHRRS, FERRE
SRFFBERT R, KARRNHESMEGSRZHER, HARUEHTHE
FEE T RIFHER.

ECEI W, WERER, ERVER. RETER. HERBIERE. 7
JEBEIHRFRTFROESIERMFR), XFBZIH. HWEW. BIEZH. B
WL ZIME RN R H S T 7 M

REEFBHREANRNENE-EUREZRTAARARENE
WHH MR, URKEIMAELE ELRMOFE. BFSELRERAR. #
. AREAME. BR—UL. BEAFMUTE, REZFR. HER, LT, B
EZNELRIBRTRUENEMTE, RMONER-BEL T KB AEE
&, TR LR ERE T RRBENOPRAMES . IHERBBRAFZE
LRI LS ERBAOREAHED), hEROPHTEGFRE R,

BJE, REFNSHRERME, RAEROKEEEP-HARLUAP
ERRIMEY, FHEWR LR LS FREKKISIHR, 5ERAES MR M5 K
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