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Fig. 1  Chemical structures of DMDPN and
DMDPN-based alkoxyamine
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L A 1% FR S (MMLA, [ 245 4 B4k 22157
BBR AT, GRGEJ5I80E 2818, IR AR s 4,4'-
TR T HZ(DMDPA, [ RBATE, 4ifE >
99%)- LA R H H 7 £k (Oxone, Sigma- Aldrich,
aifE > 99%). DY IE T A R A (Sigma-
Aldrich, 2HJE >99%). T HK(HRBAF,
gifE >99%). W ¥ 24 =% (PMDETA, H
REAT, 4 > 99.9%)M2-1R 573 T’ 2l (H
RIBAT], iR > 99%) I BELREAE T, MUk
(THF). ZJ5. —&W ki N, BRI 15
NE R ARG R A A, s Hrad.
1.2 DMDPNHIARL

¥ RE(80 mL). 5 FHE(60 mL). PUIET
SRR B A 54(0.085 g, 0.25 mmol). BERE N
MR (60 mL)FTDMDPA (0.9160 g, 4 mmol)/E & J&
TE0 °C FEEZIHEHE, FOxone (10 g, 16.3 mmol)
W90 mL/K, 7E1 hNEERMENEAWRT, &
N FE R W N2 mol- L (K OH ¥ Vi { pH A%
HIFET.5 ~ 8.0. MG 573 th — S W BiAH, /KA
F & A BRI (K20 mL), RA &AL
FHH TGk MgSO4 T 1 J5 Wi, 152724
SR AL (VIEC k) @ LR LTR) =
300, Ak e AT R N ONRA AL, 7
HN83%, FE5 °CHEL N KIHIRAEA KA.
XEPEEAT G ER T RAE, CraHisNOsTHRAE: C
68.85%, H 5.74%, N 5.74%, MiAMH: C 68.53%, H
6.01%, N 5.69%.
1.3 DMDPNEGFERZS| A FIE K

¥ DMDPN (1.32 g, 5.4 mmol), #1#5(0.172 g,
2.7 mmol), 2-{R7F T R L HEE(0.98 g, 5 mmol)FlZ,
(10 mL)E A 5 IIAN25 mL & JE B A Wr
EPE. BAArRE20 min 5 AR 2850 3 1,

PREFACR L. B BORN30 °Ciliia o, Fdat e
S 2 PMDETA(0.5 g, 3 mmol)iEAN. [N i
i 1A] 5 A 100 mL 08 AR AT #Re, JF 265
10% L2« M AINaHCO: ¥ ¥ LA K M ANaC 1 iR
HAT YRR A HUAE I H TE K MgSO4 4T 4
JE B AWRGE, 3307 YR FRE R (i AT Ak
(VOECKD) - (LR LTR) = 51 1), WAWERN
88%. XI P AT 'H-NMR A JG & /0 Hr K 4E, 'H-
NMR (300 MHz, CDCls, 6): 1.30 (t, 3H, CH;—
CH,0); 1.50 (s, 6H, CH3); 3.77 (s, 6H, O—CH;);
4.17 (s, 2H, CHa); 6.83 (d, 4H, Ar—H); 6.67 (d, 4H,
Ar—H); CaoHasNOsiHEAE: C 70.19%, H 6.96%,
N 3.90%; Mik{E: C 69.98%, H 7.08%, N 4.02%.
1.4 MMAZKKERE

MMAAR R A I FEIESME NS mm. HEN
3 mm PR BT RS A R AT SR E LTS R R
MR, B RNIRR R RSB ST, WA
URBRESIK, B, N, BRI E4E
I TE R B, THETEORE, B
ERRNOKK H A EI DA IR M.
1.5 BEREFZSHHNZE

o B e A e 5] R R EUR S T RCT
FER AL E IR E AT x 1074 mol LA W, Bl
JEAE VAR BN S30 min, FROEVARGE LA
HEANER2 mm A, BT OfmtEE
SE P ) LT IR e IR e i AN, IR 213
OB Z. AF R — By a], 132U R ESR [,
DLt %5 %) (Y DMDPNIK FE. 71+ DMDPN
WELINE,  DLZ 41 O A B I DMDPNVE A AR
NS
1.6 HfbFR4E

BRI R R VRN E. MR BLEE R T
HEPRN—E 'S, HDETHRGW, HH
KE(KHE (=10 °CAL)IUE, TIEAHERS
Yy, fE60 CCHTHAET TR 2EE, NIMMAK
R (my/mo) x 100%,  FeHFmo AU FE 5 2
i, my SRS R G .

REVIEIE 5 F 8 (M) X 5y F 245 4 (PDI)
HH Waters 1525/24148 Bt i35 (B A€ , 4%
10 um L iEA:(500. 10°. 10%), THEAER], ik
1.0 mL-min~!, JRIEEE N30 °C, RHAE DA
PMMAE ARFE.
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Fig.2 Mechanism for MMA polymerization mediated by DMDPN
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Fig. 3 Mechanism for macroalkoxyamine
decomposition with a radical scavenger
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Fig. 4 First order plot of In(1 — [DMDPN]/

[DMDPN]o) versus time in accord with Eq. (1) for

1 x 10 mol'L! solutions of DMDPN-based

alkoxyamine in TBB heated at 100, 110 and

120 °C, respectively

ME4TH T LA 2, &R T DMDPNIKE
roox B RE I 1) L e R s B, Xt
B AR AT S S DR RIS HZR R, IRYE
(1) P A5 2 AR L T ot S 1 51 K50 10 A
R Hikao, HIRIIT R,

Table 1 Dissociation rate constants for DMDPN-based
alkoxyamine at different temperatures

Temperature (°C) kao (s
100 2.44 x 107
110 1.07 x 1074
120 3.12 x 107

Bertin 2505 1 A [R] ol 5 for 0 5 e 11 it 2
TRE R, 5K IS R SR A RS e 12
ANk = 4By, HIRHTRFAS R E H &
B i AR TEC, HoFIE 2.4 x
104, B3RP A R BE T 1 kao [ 75 AN FAS JE 15
oA, HHEISILBEEMIE AT T4, SR KL,
DMDPN 8 5 48 5 i 5 75 751 A4 ot 2 3 28 5 0 [
FEBTe RS A, B35 4=3x10" E, =
135.2 kJ-mol™". iZ¥5 i & FlBertin & 1 5%
g RO
2.2 PMMA-DMDPNf#ERER T H k890 E

Feao A2 ot SR B 51 AT i B R 4, DT

RXTREG TR B =, mRAERES, 14§
RPVEERAE R E 2K H AR E
V) P Ao 25 T 26 Bk () 2 ). X T-MMA/SG1 5
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kaoz= L3045 LA 3 200 S8 T L MMA/
DMDPN 5 G 1K 22 T Hij A iy RS0 fiff 129 T8 563 4
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Fig. 5 First order plot of In(1 — [DMDPN]/[PMMA-
DMDPN]o) versus time in accord with Eq. (1) for 1 x
10 mol-L™! solutions of PMMA-DMDPN in TBB
heated at 110 °C

Table 2 Dissociation rate constant and activation energy
for PMMA-DMDPN *

Temperature (°C) ka (s Ea® (kJ-mol™")

110 6.4 x 107 129.6

aMn = 5200, PDI = 1.25; ® Pre-exponential factor 4 =3 x 10"

DL gE R, A BT e S 3 i )
PMMA 4K 5 1 JE FIDMDPN 7] [ fif 55 13 5 5
K TiE6fs, X TMMA/SGIR &K R, X—
LB 306520, BEFIERAER. X—EFE
FHDMDPN A B () 5 b P o 3 i, HR 8 i A o
ROSLIIVE FANLER, a0 AR om S50 9 = ki, H
BRI 723 () A BHL 2 % 04 1 |l 6 7= AR 28 (R 5% I
PERT, AT B AR U5 1 ER 2 0 2R 5 e ) i
TR H Bk, T, AT TEMPORISG14E iz fH
PN = NEEE S N R VA AL E Sy ]
XIFDMDPN, H H 2R M I AR IE T A



934 [T S R SR 3

2017 4¢

K R L ) v S PELR T, T2 Y T2 AR FA A5 4
M SLHEE F, i S0 (A1 ) ) 72 ) A FELAH 6 45
7N, TR 52 281 T TR AR i 2850 2 ) S M 5 7).
2.3 HEKEHEMDMDPNE SREE kLM
MIE

AT ke, BN ELHIHMEERK, Lalevee
SRR T HO AR BB T 4l
B B Wk, (HIZ 7103 1) BESR B,
BRAER A, ANGSEE. DRI B Al AcAE 3 238 [A]
FERAT, Horh D BB HE S B0 .
SiegenthalerZs 2@ i i A K B, WAL 5T 5]
RARZ P IINES 7> BA B i, NSRS

H In([M]o/[M]) Fifi B 1] 7728 4 o] DA ABL T8 A «
In([M]o/[M]) = kpK([1]o/[Y]0)? (2)
Pk, N RGBT H, [NoAWIIRE AL T K
FUIAREE, [Y1o NEAMIIN % 2R IR .
RIE(2), FFIn((M]o/[M])BER B (AR 31T
RVERLE, 15 EIFEN B2 P RPR R A SR AFIE K H
FHFEFIDMDPNIH] (1) ~F 18 3 2K, IR Pk = ko/K
(2R 5 ke, AHFFE R Z 710 ke, IRER A
WFER110 °C, Je A L 51 R FIWIURIR B AMMA
#I11 mol%, [FIF I AMMA 0.5 mol%JDMDPN,
REsh i wmEea, MR THE S Ry T
=3,

Table 3 Kinetic data on the C—O bond homolysis for PMMA-DMDPN

Slope @ kp ® (L-mol™"-s7")

K¢ (mol-L™")

kad(sh ke ¢ (L-mol~!-s7")

2.39 x 1076 2.36 x 103

5.1 x 10710

6.4 x 107 1.26 x 10°

2 Acquired from Fig. 6; k= 2.67 x 10°x exp (—22400/RT )1Z3); ¢ Acquired according to Eq. (2); 9 Acquired from Table 2; ¢ ke= ko/K
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0 40000 80000 160000
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Fig. 6 Evolution of In([M]o/[M]) versus time for the
determination of K according to Eq. (2) at 110 °C
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Xf Tk R AR R AT L A N RO A 1, A
RE M AR L b S AN 7] 5 1) 1) 280580 H R e 1 0
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Fig. 7 Fischer’s diagram for MMA polymerization
at 110 °C

ky = 236 x 10° Lmol™s™, k& = 6.05 x 10’
L-mol™"s7!, [IJo = 2.36 x 1072 mol-L™!, limit criteria
Diim = 0.3, diim = 0.4 and 190 =30 h

T ARFRFIRANEEERR, 4 E Din
=0.3. Sim=0.4. too=30h, ZHIMNAIMHE, 4
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2R R B AR L

BREHGEME RS AN, HiGhiEEN
135.2 kI'mol™'. AT FAR3 x 10" JE T
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TR 52 B FT A G T RE ko Nkaol 1645, 8
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BBk, IELH 7110 °CF (IFischerdi &, #H
] 45 5 % BIMMA/DMDPN 3 414 2 filt 6 18 () kg
ke Ar T AT 425 1 X I N . AR G 3 7
22 H BN 52 56 E T DMDPN/MMAA 2 (1) 7l #2/
GEME” MLEE, ZFRECAN-T HEIRRE A E H
B S5 M s R A T A R A,

3 #Hig
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Kinetics of Methyl Methacrylate Polymerization Mediated by
4,4'-Dimethoxydiphenyl Nitroxide

Zhe-cheng Zhu, Guo-rong Shan”
(State Key Laboratory of Chemical Engineering (Zhejiang University), College of Chemical Engineering and
Biochemical Engineering, Zhejiang University, Hangzhou 310027)

Abstract Controlled/living radical polymerization (CLRP) is one of the most rapidly developing areas in
polymer science. Among the various existing techniques, nitroxide-mediated polymerization (NMP) was the first
to be proposed. Up to now, most of the nitroxides studied in NMP are dialkyl or alkyl-arylnitroxides, while the
use of diarylnitroxides as control radicals has not been extensively studied. In this paper, 4,4'-dimethoxydiphenyl
nitroxide (DMDPN) and its corresponding alkoxyamine initiator were easily synthesized and used to mediate the
polymerization of methyl methacrylate (MMA). DMDPN was highly stable at high temperature and the single
electron delocalisation on the aromatic rings prevented the undesired hydrogen abstraction between the nitroxide
and the propagating radical chain. The polymerization kinetics was monitored by gravimetric method while the
molecular weight and the distribution of poly(methyl methacrylate) (PMMA) synthesized were determined by gel
permeation chromatography (GPC). The dissociation rate constants (kq) of the DMDPN-based alkoxyamine
initiator was determined by electron spin resonance (ESR) experiments performed at temperatures ranging from
100 °C to 120 °C, yielded the following Arrhenius parameters: E, = 135.2 kJ-mol™" and 4 = 3 x 10'*. The k4 value
of macromolecular species was also determined at 110 °C. As the low steric hindrance around the aminoxyl group
in DMDPN, the penultimate unit effect, which was significant in a MMA/SGI1(N-tert-butyl-N-(1-diethyl-
phosphono-2,2-di-methylpropyl) nitroxide) system, had only a weak influence on kqin the MMA/DMDPN system.
A 6-fold increase of kg between the DMDPN-based alkoxyamine initiator and PMMA-DMDPN macro-
alkoxyamine was observed. A bulk polymerization of MMA was performed at 110 °C using 1 mol% of
DMDPN-based alkoxyamine in the presence of 0.5 mol% of the corresponding free nitroxide to determine the
equilibrium constant K. The recombination rate constant (k;) was then derived from the constant K. A Fischer’s
diagram for the polymerization of MMA at 110 °C was made and the values of k4 and 4. lied in the living and
controlled area, proving the livingness of this polymerization system.

Keywords Nitroxide-mediated polymerization, Methyl methacrylate, 4,4'-Dimethoxydiphenyl nitroxide, Kinetic
constant, Fischer’s diagram
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