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Abstract: A novel class of living radical polymerizations with germanium, tin, and phosphorus catalysts
were developed. The polymerizations are based on a new reversible activation mechanism, Reversible
chain Transfer (RT) catalysis. Low-polydispersity (M./M, ~ 1.1—1.3) polystyrene, poly(methyl methacrylate),
poly(glycidyl methacrylate), and poly(2-hydroxyethyl methacrylate) with predicted molecular weight were
obtained with fairly high conversion in a fairly short time. The pseudo-first-order activation rate constant
kact for the styrene/Gel, (catalyst) system was large enough, even with a small amount of Gel,, explaining
why the system provides low-polydispersity polymers from an early stage of polymerization. The retardation
in the polymerization rate observed for the styrene/Gel, system was kinetically proven to be mainly due to
the cross-termination between the propagating radical with Gels®. Attractive features of the germanium, tin,
and phosphorus catalysts include their high reactivity hence small amounts (1—10 mM) being required
under relatively mild conditions (at 60—100 °C), high solubility in organic media without ligands, insensitivity
to air hence sample preparation being allowed in the air, and minor color and smell. The germanium and
phosphorus catalysts may also be attractive for their low toxicity. The phosphorus catalysts may also be
attractive for their low cost.

1. Introduction Scheme 1. Reversible Activation Processes?

- . o R ible activati I sch
Living radical polymerization (LRP) has attracted much (a) Reversible activation (general scheme)

attention as a robust and versatile synthetic route for well- PX D
( + monomers)

defined polymers.LRP is based on the reversible activation kdem
of the dormant species-iX to the propagating radical *P
(Scheme 1a). In this article, P denotes a polymer, and phos- (b) Degenerative (exchange) chain transfer (DT)
phorus will explicitly be expressed. A number of activation K
deactivation cycles are requisite for good control of chain length PX + P° = P" + XP
distribution22 As the capping agent X, halogens have been used Kex
mainly in two systems. One is iodide-mediated polymerization,
(c) Atom transfer (AT)

in which P-X (X = I) is activated by P (degenerative or
exchange chain transféP.Scheme 1b). However, due to a low PX + A ka P+ XA®
exchange frequency of iodine, the controllability of polydis- i < Kas

(1) For reviews: (a) Matyjaszewski, K.; Davis, T. P., Eddandbook of (A =transition metal complex )

Radical PolymerizationWiley & Sons: New York, 2002. (b) Matyjasze-

wski, K., Ed.; ACS Symp. Sel99§ 685 200Q 768 2003 854, 2006 (d) Reversible chain transfer (RT)
944, (c) Moad, G.; Solomon, D. HThe Chemistry of Radical Polymeri-
zation Elsevier: Amsterdam, 2006. (d) Braunecker, W. A.; Matyjaszewski, k, .
K. Prog. Polym. Sci2007, 32, 93—146. PX + A* &= P’ + XA
(2) For reviews on kinetics: (a) Fischer, Bhem. Re. 2001, 101, 3581- Kya
3618. (b) Goto, A.; Fukuda, TRrog. Polym. Sci2004 29, 329-385.
(3) Fukuda, TJ. Polym. Sci., Part A: Polym. Cherf004 42, 4743-4755. ( A = typical element compound )
(4) (a) Yutani, T.; Tatemoto, MEur. Pat. Appl.0489370A1, 1991. (b) Kato, - — N N
M.; Kamigaito, M.; Sawamoto, M.; Higashimura, Polym. Prepr., Jpn. (X =1 and XA = Gel, etc. in this work )
éggfé 5413é§5552-8(0%(')\/|9%t_wz%22§9w$kh K.; Gaynor, S.; Wang, JMacromol- a(a) General scheme, (b) degenerative (exchange) chain transfer (DT),
(5) For examples of the degenerative chain transfer system: (a) Moad, G.; (c) atom transfer (AT), and (d) reversible chain transfer (RT).
Rizzardo, E.; Thang, Riust. J. Chen2005 58, 379-410. (b) Perrier, S; . . L .
Takolpuckedee, Rl Polym. Sci., Part A: Polym. Che2005 43, 5347~ persity in this system is limited. The other is atom transfer
5393. (c) Yamago, SJ. Polym. Sci., Part A: Polym. Cher@006 44, ; i Ati ; ; — ;
1-12. (d) Yamago, S.; Kayahara, E.; Kotani, M.; Ray, B.; Kwak, Y.; Goto, rad_|cal polymerlzathlj (ATRP)’ in which-PX (X Cl’ BI’) IS
A.; Fukuda, T.Angew. Chem., Int. ER007, 46, 1304-1306. activated by a transition metal complex (Scheme 1c, where A
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is an activator and XA is a deactivatér)lhe addition of the In this article, we will demonstrate the results of the RTCP
catalyst” allows a high activation frequency, yielding low- of styrene (St), methyl methacrylate (MMA), glycidyl meth-
polydispersity polymers. acrylate (GMA), and 2-hydroxyethyl methacrylate (HEMA) with

In this work, we propose a new and robust LRP. We add a several Ge, Sn, and phosphorus catalysts. We will also examine
Ge, Sn, or phosphorus compound, e.g., 458 the iodide- the kinetic features of the St/Gelystem. This work was partly
mediated polymerization. Geworks as a deactivator ofFin and briefly introduced in conference proceedifgs.
situ producing Get (Scheme 1d). Gelworks as an activator

of a polymer-iodide P-I, producing P and Gej}. This cycle ) ) S
allows the frequent activation of-A. 2.1. Control in Molecular Weight and Its Distribution.

2.1.1. St with Ge, Sn, and Phosphorus lodides as Deactiva-
tors. We first examined the polymerization of St at 8D, using
1-phenylethyl iodide (PEI) as a low-mass alkyl halide initiator,

2. Results and Discussion

Mechanistically, this process is a reversible chain transfer
(RT) process in which Gglworks as a chain transfer agent.
P—X is catalytically activated via an RT process. This is a new . .
reversible activation mechanism in LRP. The polymerization Gely as a deac.tlvat.o.r,. and ben;oyl pero.><|dg (BPO.) as a
may be termed RT-catalyzed polymerization (RTCP) as a new ponyepnonal radlgal Initiator. Ir} this polymerizatiort, w.hICh
class of LRP. In this paper, Ge, Sn, and phosphorus compoundej.S orlglnally qup“ed by.BPO, 1S s.upposed to react with £>el
will be called RT catalysts or simply catalysts. By a kinetic 'nﬁs'tltj_ prlodutc):lr:g tr;e ;a;:twatgrEllradlcgl_G[egand F;_I)' IfPGEeI3
study® we and Yamago recently uncovered that organotellurium- efiectively abstracts 1 from (or ) to produce PE(or

mediated LRP (TERP: X TeCH) includes an RT process P')_i_cglclei of a}[c_tlvatilc;n ang (:I:(_eactlvatllon (5-2 \:(V::I ze _sta}rted.
when ditelluride ((TeCH),) is added (X= A = TeCh in able 1 (entries +4) and Figures 1 and 2 (filled circles)

Scheme 1d), which gave a mechanistic reason for the previousShOW the results. The first-order plot of the monomer concentra-

. . . . tion [M] (Figure 1) showed a curvature in a long time range
finding® of Yamago et al. that the polydispersity control in TERP o .
is improved by the addition of ditelluride. (for 21 h) due to a decrease of [BPO] with tihén a relatively

. . . short time range (for~1 h), the polymerization rate was
In RTCP’ instead qf adding a deactivator, a precursor Of. a approximately constant, as will be discussed below. The number-
deactivator or an activator radical may be used as a starting

d W ined h it i | ati average molecular weigM, linearly increased with conversion
(rfer?ﬁgéj?oé € examined such an alternative polymerization agreed with the theoretical vali, heo (Figure 2). The

) ) o ) small deviations fronM ineoat a later stage of polymerization

A key factor for RTCP is a high reactivity of the activator 5.0 ascribed to the increase in the number of chains by the
radical. In organic chemistry, Ge, Sn, and phosphorus radicalsdecomposition of BPO. The polydispersity index (PDIN/
are known to abstract a halogen from an alkyl halide with high M., whereM,, is the weight-average molecular weight) reached

reactivity to give the alkyl radical and their halid€sThis 5 |ou value of about 1.2 from an early stage of polymerization
reaction and the subsequent reduction of the alkyl radical with (Figure 2), indicating a high frequency of the activation

a hydride are widely utilized for the transformation of an alkyl  §yeactivation cycle. The small amount<8 mM) of Gel

halide to an alkyl hydride. Another key factor is a high reactivity required to control the polydispersity (Table 1) suggests a high
of the deactivator halide. However, the reactions of a carbon- reactivity of Gel.

centered radical to Ge, Sn, and phosphorus halides are generally The activation of P-I occurs not only by RT (Scheme 1d)
slow'? (particularly slow to the bromides and chlorides) and ;¢ as0 by degenerative chain transfer (Scheme 1b). However,
have not attracted much attention for synthetic purposes. In thiStor example, the system with P& (80 mM) and BPO (20 mM)
work, we found that some Ge, Sn, and phosphorus iodides suchy ¢ \without Gey (entry 16: iodide-mediated polymerization)

as Ge} are highly reactive to carbon-centered radicals working gave a PDI as large as 1.55 (4 h at°g), while that with GeJ
as an effective deactivator for LRP. In this work, we determined (5 mM) (entry 1) achieved a fairly small PDI of 1.17 (with other

the deactivation rate constant for Gelhich is the first — congitions set the same). This means that RT plays a main role
quantitative study on this kind of reaction in organic chemistry. i, ihe Gel system, with a small contribution of degenerative
The RTCP is the first LRP using compounds of typical chain transfer.

elements (non-transition metals) as effective catalysts. In an  Besides PEI, we also used a common alkyl iodide GHI
ATRP manner, Percec et #l.used non-transition metals, (entry 5 in Table 1). A small PDI1.2) and a good agreement
NaxS,04, and its analogues #&rse versibleactivators, which only of My, with My meo Were achieved at an early stage of polym-
once activated alkyl halides forming no effective deactivator. erization, meaning a sufficiently fast initiation (activation) from
The Ge, Sn, and phosphorus compounds used in this study workcHl;. At a later stage of polymerization, a small shoulder

asreversibleactivators and deactivators. appeared on the higher-molecular-weight side in the GPC
chromatogram due to the slow initiation from the second iodine
(6) For reviews: (a) Matyjaszewski, K.; Xia, J. l&hem. Re. 2001, 101, ic initiati i iai
29212090, (b) Kamigato. M.: Ando. T.; Sawamoto, Kaherm. Re. 2001 qf CHlIs. However, this initiation was practically negligible and
101, 3689-3746. little affected PDI ¢1.25). The use of Chl, (data not shown)

() Betcee, Vi Popox. AV Ramier Castlo & Montero, W satbos. gave only high polydispersity polymers (PE.0) throughoL

124, 4940-4941. the polymerization (up to 80% conversion), meaning the lack
(8) ZK(%a?kll\c()l'léeleu_klasgl\g Goto, A.; Fukuda, T.; Yamago,Macromolecules of, or very poor, initiation ability of Chl».

(9) Yamago, S.; lida, K.; Yoshida, J. Am. Chem. SoQ002 124, 13666~ We then used Ggl Snk, Snb, and P} (phosphorus triiodide)
13667. : : : : .
(10) For reviews: (a) Studer, A.; Amrein, Synthesis (Stuttggre002 835 as deactivators with PHE (entries 6-15 in Table 1 and Figures
849. (b) Chatgilialoglu, C.; Newcomb, Mi\dv. Organomet. Chen1999
44, 67—-112. (12) (a) Goto, A.; Zushi, H.; Kwak, Y.; Fukuda, ACS Symp. Se2006 944
(11) Percec, V.; Popov, A. V.; Ramirez-Castillo, E.; Coelho, J. F. J.; Hinojosa- 595-603. (b) Goto, A.; Zushi, H.; Hirai, N.; Wakada, T.; Kwak, Y.; Fukuda,
Falcon, L. A.J. Polym. Sci., Part A: Polym. Che2004 42, 62676282. T. Macromol. Symp2007, 248 126—131.
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Table 1. Polymerizations of St with Ge, Sn, and Phosphorus lodides ([M]o = 8 M (8000 mM))

[R=1]o/[1]o/[XAlo T t conv
entry XA R-I | (mM) (°C) (h) %) M (Mh theo) PDI
1 Geb PE-I BPO 80/20/5 80 4 26 2500 (2600) 1.19
7 37 3500 (3700) 1.16
21 47 4300 (4700) 1.16
2 PE-I BPO 80/20/2 80 7 47 4600 (4700) 1.16
3 PE-I BPO 80/40/2 80 7 85 8200 (8500) 124
4 PE-I BPO 25/10/5 80 21 40 11 400 (13 300) 1.29
5 CHls BPO 80/20/2 80 4 29 2400 (2900) 1.21
7 42 3900 (4200) 1.25
21 69 5600 (6900) 1.25
6 Geb PE-I BPO 80/20/5 80 21 61 5700 (6100) 1.15
7 PE-I BPO 80/40/5 80 25 85 6800 (8500) 1.16
8 Snl PE-I AIBN 80/20/5 60 21 36 3600 (3600) 1.13
9 PE-I AIBN 80/40/5 60 27 72 6500 (7200) 1.21
10 PE-I AIBN 8/4/1 60 21 24 22000 (24 000) 1.18
11 Snb PE-I AIBN 80/20/5 60 21 50 4800 (5000) 1.23
12 Pk PE-I DCP 80/80/2 100 23 46 4400 (4600) 1.17
13 PE-I DCP 80/160/2 100 23 68 6200 (6800) 117
14 PE-I DCP 80/80/1 100 10 45 4000 (4500) 1.16
15 PE-I DCP 40/80/2 100 23 72 10 000 (14 000) 1.29
16 none PEI BPO 80/20/0 80 4 41 4200 (4100) 1.55
1-2 T T T T T T 1-5
® Gel, / BPO (80 °C) 1.4}
1.0} o Gel,/BPO (80 OC) o o - §= 13} o
= Snl,/ AIBN (60 °C) & &€ o o
—~ 0.8} o0 snl,/AIBN (60 °C) . 1.2} n, P Pl‘ o
= A Pl /DCP (100 °C) o 1.1}
— 0.6} ®a . 1.0 ——————————t
= g s 4
= | | ® Gel, Theoretical line
£ 04} . 6 O Gel, ’
Lo - m o, -
2LF =] - o Snl /
® e APl <
S 4l 3 i
0_% 1 1 1 1 1 L : f
5 10 15 20 25 30 s ,
tih ) v
Figure 1. Plot of In([M]o/[M]) vs t for the St polymerizations with Ge, J
Sn, and phosphorus iodides for entries 1, 6, 8, 11, and 12 in Table 1. ,
’

00 10 20 30 40 50 60 70 80
conversion / %

Figure 2. Plots ofM,, and PDI vs conversion for the St polymerizations
with Ge, Sn, and phosphorus iodides for entries 1, 6, 8, 11, and 12 in
Table 1.

1 and 2). In all cases, low polydispersity was achieved with a
small amount (¥5 mM) of the catalyst. The Sn catalysts
(entries 8-11) exhibited good polydispersity control at 60,

as the Ge catalysts (entries-4, 6, and 7) did at 80C. This
suggests that the Sn catalysts are even more active than the Ge

ones. Both Geland Snj were effective catalysts, but the to its slow decomposition (the half-lifetime is ca. 80')The
polydispersity control with them (entries 6, 7, and 11 and Figure polymerization rates with the catalysts (entries16) were

2) was not as good as that with Gahd Snj (entries -4 and somewhat smaller than those without them (e.g., entry 16), as
8—10 and Figure 2). Blexhibited good control with very low  will be discussed below.

concentrations (32 mM) (entries 12-15). These concentrations Mechanistically, Geland Sn} may work as deactivators by
are among the lowest of the five examined catalysts, althoughthemselves, or they may react with alkyl iodide{R, in situ

the temperature was the highest fog P100 °C). The exact  producing the four-valent compounéfs RGek and RS,
differences in the catalyst activity among the five catalysts are respectively, which may then work as deactivators. To examine
not clear at the moment and can be clarified by a systematic the latter possibility, we heated a toluedgsolution of Ge} (5
kinetic study. We carried out a kinetic study for Geds will mM) and PE-I (5 mM) (1:1 equiv) at 8C°C for 10 h. Proton

be shown below, and are currently extending it to the other Nuclear magnetic resonancél(NMR) measurements showed

catalysts, which will be reported in a future publication. (The e formation of PE-Gek in >95% yield (Supporting Informa-

Pls SyStemS_'ndUdeq reI_at_wer Iar_ge amounts_(amso mM) (13) Bailey, H. C.; Godin, G. WTrans. Faraday Socl956 52, 68—73.
of a conventional radical initiator, dicumyl peroxide (DCP), due (14) Flood, E. A.J. Am. Chem. Sod.933 55, 4935-4938.

J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007 13349
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(a) lodide-mediated

radical polymerization
(pentad) mrrm + mrrr

rerr

mrmr + mmrr
I_*_\

rmmr + mmrm

—~

(b) Sni, system

(c) Gel, system

4; aromatic C1

145 146

146

ppm

ppm

145

14 14
& pom 5

Figure 3. 13C NMR spectra (in the range of 144:346.5 ppm) of PSts produced in (a) iodide-mediated radical polymerization (without cataly§€)(60

(b) Snl system (60°C), and (c) Gej system (8C°C).

Scheme 2. Hydrogen Abstraction from a Phosphorus Hydride by 1.4 . . . .
an Oxygen-Centered Radical 100°C o
R,PH(=0) + R-0° —— R,P*(=0) + R-OH 1.2 e (BuO),PH(=0) (30 mM)/DCP "
© (BuO),PH(=0) (10 mM) / DCP

tion). This suggests involvement of the latter mechanisminthe 1.0f ; gE:g;::E:g:g; g’g mm; ; gg: i

polymerization. = osl o 1
Ge and Sn halides are Lewis acids. Sni€la strong Lewis -

acid and is widely used as a catalyst for living cationic E 0.6} o -

polymerizations® On the other hand, Ge and Sn iodides (used ¢

in this work) are relatively weak Lewis acids. To confirm that - 04t 8 .

the present systems are radical polymerizations, we examined o2l g ° |

the tacticities of the polystyrenes produced in the,Ggktem | § °

(80°C), the Snj system (60C), and the iodide-mediated system 0.08 ) ) ) )

without the catalyst (60C). The3C NMR signal pattern for 0 5 10 15 20 25

the aromatic C1 carbon (Figure 3), which reflects the pentad

t/h

distribution1® was almost the same in the three systems. (The Figure 4. Plot of In([M]¢/[MI]) vs t for the St polymerizations with
tacticity was very similar in the iodide-mediated systems at Phosphorus hydrides for entries 1, 3, 5, and 6 in Table 2.

80 °C (data not shown) and 6@ (Figure 3a). It is known that Y T
there is little temperature dependence of tacticity in conventional 14 ]
radical polymerization at-680 °C.1") By a cationic polymer- s o o
. . . L 1.3 ) 1
ization mechanism, a more isotactic-rich polymer should be = Ono fo)
formed. Moreover, the present polymerizations were completely =120 4 =® o. u
inhibited in the presence of TEMPO. These support the radical 1.1
mechanism. 1.0 f—+—t—t—p—t—p—t—i——t 1
2.1.2. St with Phosphorus Hydrides as Precursorsis : Eg:gt::::gz ﬁg:m; e
another polymerization method, we used five-valent phosphorus = (EtO)PhPH(=0) (30 mM) _ ¢ -
hydrides RPH(=O) as starting compounds (precursors) to in 6Fa (Et0)PhPH(=0) (10 mM), ]
situ produce an activator radicahR(=0) (A* in Scheme 1d) o Theoretical line , © .
and/or a deactivator RI(=0) (XA in Scheme 1d) in the § 4l 4o ©
presence of DCP and P& at 100°C. DCP (peroxide) gives ~_ ]
an oxygen-centered radical. Oxygen-centered radicals are known = °
to abstract a hydrogen frompRH(=O0) to produce an activator 2t !{ﬁ

radical RP* (=0) (Scheme 238 Alkyl iodides can be iodinating
agents of RPHEO) to give a deactivator fRI(=0O) via a non-
radical proces$? PE-I (used in this work) in fact works as a
moderate iodinating agent of (BufPHEO) (used in this
work), for example. This was demonstrated by a model Figure 5. Plots of My and PDI vs conversion for the St polymerizations

experiment: a heat treatment of a toluefzesolution of PE-I

(15) For reviews: (a) Sawamoto, Nrog. Polym. Sci1991 16, 111-172. (b)
Puskas, J. E.; Kaszas, 8rog. Polym. Sci200Q 25, 403-452.

(16) Suparno, S.; Lacoste, J.; Raynal, S.; Regnier, J. F.; Schue, F.; Sempere
R.; Sledz, JPolym. J.198Q 12, 861-865.

(17) (a) Matsuzaki, K.; Uryu, T.; Seki, T.; Osada, K.; Kawamuralfekromol.
Chem.1975 176, 3051-3064. (b) Standt, U. D.; Klein, Makromol.
Chem., Rapid Commui981, 2, 41-45.

(18) (a) Brunton, G.; Ingold, K. UOrg. Magn. Resonl975 7, 527-528. (b)
Anpo, M.; Suteliffe, R.; Ingold, K. UJ. Am. Chem. So2983 105 3580~

3583.
(19) Mielniczak, G.; Lopusinski, ASynth. Commur2003 33, 3851-3859.

13350 J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007
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with phosphorus hydrides for entries 1, 3, 5, and 6 in Table 2.

(80 mM) and (BUuO)PHEO) (10 mM) at 100°C yielded a
deactivator in 12% yield flol h (Supporting Information). In
the polymerization, both processes (the productions of activator
and deactivator) can be involved, and the relative contributions
of the two processes would depend on the R group of the
phosphorus hydride RHE=O).

We examined the St polymerizations with (BuPHEO)
and (EtO)PhPH€O) (with a Ph group) as precursors (Figures
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Table 2. Polymerizations of St with Phosphorus Hydrides ([M]o = 8 M (8000 mM))

[PE-1]o/[1]o/[nydride], T t conv
entry hydride | (mM) (°C) (h) (%) My (Mhtheo) PDI
1 (BUOYPH(E=0) DCP 80/80/30 100 7 23 2500 (2300) 1.18
2 DCP 80/160/30 100 7 51 5900 (5100) 1.24
3 DCP 80/80/10 100 7 32 2800 (3200) 1.21
23 55 4200 (5500) 1.24
4 VR110 80/80/10 100 7 25 2400 (2500) 1.33
23 37 3200 (3700) 1.34
5 (EtO)PhPHEO) DCP 80/80/30 100 7 34 3600 (3400) 1.16
23 69 5200 (6900) 1.19
6 DCP 80/80/10 100 23 72 6100 (7200) 1.33
2-0 T L] T 1.8
1.8F MMA e TGel,/ABN ° J 1.6
16L MMA = P,/ AIBN s or A
[ MMA A (Et0)PH(=0)/BPO ] S 14l m
14F GMA o Gel,/BPO 4 s Ag m
= A
5 1.2} . 1.2} o o O 0e 0
E,_? 1.0} (o) A 4 1.0 ottt}
= 0.8} PY . ® MMA/TGel,
= o6} ° A "] 25| = mMmA/PI, L4
] A MMA/ (EtO),PH(=0) o L’
04} (o) A 1 20k © GMA/Gel, » GMA]
02} Oa J g e
o . S ,
0. L L L 15
03 2 4 6 Z ,7
t/h = 10 o’
Figure 6. Plot of In([M]¢/[M]) vs t for the MMA and GMA polymerizations
with Ge and phosphorus compounds for entries 1, 3, 5, and 9 in Table 3. 5k
Theoretical line
0 4o P T S T N
4 and 5 and Table 2). With 30 mM of the precursors (filled 0 10 20 30 40 50 60 70 80 90
symbols in Figures 4 and 5 and entries 1, 2, and 5 in Table 2), conversion / %

low polydispersity polymers (PDk 1.2) were successfully  Figure 7. Plots of M, and PDI vs conversion for the MMA and GMA
obtained from an early stage of polymerization, and the PDI polymerizations with Ge and phosphorus compounds for entries 1, 3, 5,
was kept at a low level{1.2) throughout the polymerization. and 9 in Table 3.

Even with a lower concentration (10 mM) of the precursors
(open symbols and entries 3 and 6), fairly low polydispersity
(PDI ~1.2—1.3) was achieved. Instead of DCP (peroxide), an
azo-initiator 2,2-azobis(2,4,4-trimethylpentane) (VR110) was
used as a conventional radical initiator for the (BeRH(E=O)
system (entry 4). The PDI was larger with VR110 than with
DCP (1.33 vs 1.21 for 7 h, for example) at the same precursor

concentration (10 mM) (entries 3 and 4). This suggests that theMNIA polymerization, with BPO as a peroxide at 7T

ﬁ;oiliglrininmthtize maef:ttrll\f(ljtorT;iilcaitEyth%CEN O(per:%)gdﬁ()m:ss (triangles and entries-57). Notably, the temperature for the
P ' ' phosp MMA polymerization was 70°C for all examined catalysts,

hydrides, this method was successful, and the use of a peroxide " " " o .
significantly improved the polydispersity control. which is lower than those for St polymerization with the Ge

2.1.3. Methacrylates.We adopted RTCP to methacrylates (80 °C) and phosphorus (10TC) catalysts (Tables 1 and 2).
(Figures 6 and 7 and Table 3). We first examined the We then examined two functional methacrylates, i.e., GMA
polymerization of MMA with the same low-mass alkyl iodide ~ (With an epoxide) and HEMA (with a hydroxy group) with Ge
(PE-1) and Ge and Sn deactivators (Gebeb, Snl, and Snj) deactivators (with CPIl at 70°C, as in the MMA system). For
as in the St system. However, the initiation of-PEvas slow, GMA (open circles and entry 9), we used Ga$ a deactivator.
and the polydispersity was not controlled. To increase the TheMn well agreed withMn heo and PDI was about 1.2 from
initiation rate, we used a tertiary alkyl iodide 2-cyanopropyl @an early stage to a later stage of polymerization, suggesting that
iodide (CP-I) instead of the secondary one PE and to the high reactivity of the catalyst was retained. For HEMA (entry
increase the activation rate, we ugetblyl germanium triiodide ~ 10), TGek was used. Although a relatively large amount (20
(p-CHs—CeHs—Gek) (TGek) as a deactivator (filled circles in ~ MM) of TGek was required, a low-polydispersity polymer was
Figures 6 and 7 and entries 1 and 2 in Table 3). In this case, successfully obtained. (Thd, andM,, for GMA and HEMA
low polydispersity €1.2) was achieved with a small amount Were determined by gel permeation chromatography equipped
of the catalyst (5 mM) at 76C, in which azobis(isobutyronitrile) ~ With a multiangle laser light-scattering detector (GPC-MALLS).)
(AIBN) was used as a conventional radical initiator. Without Thus, with Ge, Sn, and phosphorus catalysts (deactivators

TGel (entry 8), polydispersity was not controlled. On the other
hand, P4 was applicable to MMA as well as to St, but EP
was used, instead of PH, as an alkyl iodide (squares and
entries 3 and 4). Rlgave results as good as those for T&el
with respect to the polydispersity control (e.g., RBL.25 (P§)
and 1.28 (TGe) for M, ~15000-18 000). The hydride
precursor (EtQPHEO) was also successfully adopted to the
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Table 3. Polymerizations of Methacrylates with Ge and Phosphorus lodides and Hydride ([M]o = 8 M (8000 mM))
[CP—]o/[1]o/[XA]o T t conv
entry monomer XA I (mM) (°C) (h) (%) My? (M heo) PDI?
1 MMA TGels AIBN 80/20/5 70 6 84 6900 (8400) 1.19
2 TGek AIBN 20/20/5 70 8 60 18 000 (24 000) 1.28
3 Pk AIBN 80/20/2 70 6 49 5000 (4900) 1.31
4 Pk AIBN 40/20/5 70 6 63 15 000 (13 000) 1.25
5 (EtOpPH(E=O)° BPO 80/40/20 70 3 43 4600 (4300) 1.25
6 (EtOpPH(E=O)P BPO 80/40/10 70 3 60 6900 (6000) 1.23
7 (EtOpPH(E=0)P BPO 40/20/10 70 6 74 13 000 (15 000) 1.29
8 none AIBN 40/20/0 70 4 99 30 300 (20 000) 1.90
9 GMA Gely BPO 40/20/5 70 0.67 20 6600 (6300) 1.14
1.67 64 21 000 (18 000) 1.27
10 HEMAC TGek AIBN 40/20/20 70 25 85 10 000 (9700) 1.35

aM, andM,, were determined by GPC-MALLS (multiangle laser light-scattering) for

hence [HEMA} = 4 M (4000 mM).

and precursors), molecular weight and its distribution were well
controlled for St, MMA, GMA, and HEMA.

2.2. Kinetic Studies for the St/Ge}, System.We made
kinetic studies on the activation process and polymerization rate
R, for St polymerization with a polystyrene iodide (P$} (Mn
= 2000; PDI= 1.20), BPO, and Gglat 80°C. We used the
polymeric adduct PStl as a starting alkyl iodide to focus on
the kinetics of the polymer region.

2.2.1. Reversible Activation As mentioned, in the presence
of Gel; (deactivator XA in Scheme 1d), PSitcan be activated
via the RT process with Ggl(activator radical A rate constant

ka) and the degenerative chain transfer process (DT, Scheme

1b: rate constanks,). Thus, the pseudo-first-order activation
rate constankac (Scheme 1a) is generally given by

Kact = KedPT + KJA] @)

In the quasi-equilibrium of the RT process (Scheme 1d), eq 1
takes the form

wherekq, is the deactivation rate constant with XA (Scheme
1d). Hencekact increases with the ratio [XA]/[PX].

We determinedkac:in the polymerizations of St with various
concentrations of Ggl(0—0.4 mM) and fixed concentrations
of PSt-I (10 mM) and BPO (1 mM) by the polydispersity
analysis methotf° (Supporting Information). In these poly-
merizations, due to the fixed value of [BRQ]P’] was nearly
the same for all cases (the retardationRp with Gels was
insignificant for the examined low values of [GRI (see
below)). As expected from eq Ry linearly increased with the
[Gelgo/[PSt=1]o ratio in the examined range {®.04) of the
ratio (Figure 8), suggesting that for a typical case with [fel
[PSt=1] = 5 mM/80 mM = 0.0625 (entry 1 in Table 1kKac
would be about 12 times larger than that in the absence of
Gel,. This explains why low-polydispersity polymers were
obtained from an early stage of polymerization for the Gel
system.

From the slope of the straight line in the plot (Figure I8),
was determined to be 6.0 10° M~ s, This is large, nearly

[XA]
[P—X]

Koot = ke PT + kda[P']( @)

GMA and HERHydride (precursor)¢in ethanol (50 vol %),

6.0

N

.0
0.00 0.0

0.02 0.03 0.04 0.05 0.06 0.07
[XA]/[P-X],

Figure 8. Plot ofkactvs [XA]o/[P—X]o for the SUPStI/BPO/(Gek) system
(80 °C): [PSt-1]o = 10 mM; [BPO} = 1 mM; [Gel]o = 0—0.4 mM.

as large as the deactivation rate constant (6.70° M~1 s71
(120 °C))?! for a PSt radical withN-tert-butyl-1-diethylphos-
phono-2,2-dimethylpropyl nitroxide (DEPN), which is known
to be an excellent deactivator for LRP. As shown below, the
equilibrium constanK (=kg/kqs) for this system was estimated
to be about 1@ It follows that, for a typical condition of
conventional polymerization of [Pl] = 1072 M, [P] = 1078

M, and [Gel] = 1073 M, [Gels?] is 10-° M (nanomolar). With

the K and kg, Ka is estimated to be about 4011 s~1. This
value is remarkably large, meaning that the observed large
activation rate is achieved by a nanomolar level concentration
of the activator. Thus, thed@, andk, values confirm a high
deactivating ability of Galand a high activation ability of the

in situ formed radical Gel.

2.2.2. Polymerization RateAs mentioned above, in the pre-
sence of the catalyst®, was somewhat smaller than that in
their absence. This is because the Ge, Sn, and phosphorus
radicals (&) undergo irreversible cross-termination witha®d
irreversible self-termination between.A'his mechanism is ana-
logous to the one for the rate retardation in reversible addition
fragmentation chain transfer (RAFT) polymerizatisif3

In theory2® when a system includes conventional initiation
(rate R), propagation (rate constaky), self-termination of P
(rate constank;), cross-termination betweerr Bnd A (rate

(20) Fukuda, T.; Goto, AMacromol. Rapid Commuri997, 18, 683-688: the
factor —2 appearing in eq 4 is a misprint f@-2.
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(21) Benoit, D.; Grimaldi, S.; Robin, S.; Finet, J.-P.; Tordo, P.; Gnanoul.Y.
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Figure 9. Plot of In([M]o/[M]) vs t for the St/PStI/BPO/(Gek) system
(80 °C): [PSt-1]o = 20 mM; [BPO}b = 10 mM; [Gel]o as indicated in
the figure.

constantk), self-termination of A (rate constank;’), RT

Figure 10. Plot of (RY[M]) 72 vs [XA]o/[P—X]o for the St/PSt1/BPO/
(Gely) system (8C°C): [PSt-1]o = 20 mM; [BPO} = 10 mM; [Geb]o =
0—5 mM.

(Scheme 1d), and DT (Scheme 1b) as elementary reactions, the \ye examined theR, for the St/Ge} system with various

following equations should hold in the stationary state of the
radical concentrations fPand [A°]:

0= d[P]/dt =
R — k[PT? = K[PTAT + k[P—X][A"] — ki [PIIXA] (3)
0= d[A/dt =

— KPIAT = k'[AT? = k[P—X][A T + kJPIIXA] (4)
The sum of eqs 3 and 4 reads
R —k[PT* - 2¢[PTAT - K'[AT?=0  (5)

In the quasi-equilibrium of RTK[P—X][A ‘] = kgdP][XA]),
Ro (=k[P*][M]) is given by

k'\ [XA
R,J:Rp,c(1+2(@)ﬁ+

whereR, o is the Ry without XA (Ry0 = kp(Ri/k)qM]), and K

is the equilibrium constank(= ki/kys). Equation 6 means that
R, decreases with the ratio [XA]J/[PX]. At a small value of
this ratio, the last term on the right-hand side for the self-
termination of A may be neglected, and eq 6 takes the form

= 1+2 K} IXAL )
=R, KK/ IP—X]
This last term in eq 6 may also be neglected, when the self-
termination of A is reversible and is not a real termination.

—1/2

K" XA ?

kK?[P—X]?

(6)

)

(22) (a) de Brouwer, H.; Schellekens, M. A. J.; Klumperman, B.; Monteiro, M.
J.; German, A. LJ. Polym. Sci., Part A: Polym. Cher200Q0 38, 3596-
3603. (b) Kwak, Y.; Goto, A.; Tsujii, Y.; Murata, Y.; Komatsu, K.; Fukuda,
T. Macromolecule002 35, 3026-3029. (c) Calitz, F. M.; McLeary, J.
B.; Mckenzie, J. M.; Tonge, M. P.; Klumperman, B.; Sanderson, R. D.
Macromolecule003 36, 9687-9690. (d) Wang, A. R.; Zhu, S.; Kwak,
Y.; Goto, A.; Fukuda, T.; Monteiro, M. dl. Polym. Sci., Part A: Polym.
Chem.2003 41, 2833-2839. (e) Arita, T.; Beuermann, S.; Buback, M.;
Vana, P Macromol. Mater. Eng2005 290, 283-293. (f) Barner-Kowollik,
C.; Buback, M.; Charleux, B.; Coote, M. L.; Drache, M.; Fukuda, T.; Goto,
A.; Klumperman, B.; Lowe, A. B.; Mcleary, J. B.; Moad, G.; Monteiro,
M. J.; Sanderson, R. D.; Tonge, M. P.; Vana, JPPolym. Sci., Part A:
Polym. Chem2006 44, 5809-5831.

(23) Kwak, Y.; Goto, A.; Fukuda, TMacromolecule004 37, 1219-1225.

amounts of Gel (0—5 mM) and fixed amounts of PSt (20
mM) and BPO (10 mM) at 80°C at an early stage of
polymerization. The use of the polymer adduct PiSinstead

of the low-mass adduct PH minimizes the possible effect of
chain length dependence lafon R,. As shown in Figure 9R,
(hence [M) was stationary in the studied range of time in all
cases and decreased with D¢P—X] o, as the theory demands.
Figure 10 shows the plot d®, 2 vs [XA]o/[P—X]o. The plot
was linear, confirming the validity of eq 7 in the studied range
of the ratio (0-0.25). Thus, when [XAJ[P—X]o is relatively
small (~0.1), as in entries-13 in Table 1, the cross-termination
is the main cause for the retardation. The cross-termination
results in a loss of Geglbut it is a minor one at an early stage
of polymerization. Moreover, the cross-termination products
such as PStGek (by recombination) are Ge(lV) iodides and
would still work as XA, contributing to polydispersity control.
From the slope of the line (Figure 10), we hit(kK) = 3.
Thek; between a polymer radical and a low-mass radica) (A
would be about 10M~1 s71, and thek between polymer radicals
would be about 1M1 57124 gt the studied low conversions.
Thus,K is estimated to be on the order 0f?10

3. Conclusions

RTCP was developed as a novel class of LRPs. With Ge,
Sn, and phosphorus catalysts, the polymer molecular weights
and its distribution were well controlled in the polymerizations
of St, MMA, GMA, and HEMA.. Thek,:for the St/GeJ system
was large enough, even with a small amount ofsGetplaining
why the system provides low-polydispersity polymers from an
early stage of polymerization. The rate retardation observed for
the St/Ge] system was due to the cross-termination between
P with Gels". Attractive features of the Ge, Sn, and phosphorus
catalysts include thehiigh reactvity hence small amounts being
required under a mild temperatui®ehigh solubilityin organic
media without ligandsnsensitiity to air hence sample prepara-
tion being allowed in the air, anchinor color and smellThe

(24) (a) Buback, M.; Egorov, M.; Gilbert, R. G.; Kaminsky, V.; Olaj, O. F.;
Russell, G. TMacromol. Chem. Phy2002 203 2570-2582. (b) Barner-
Kowollik, C.; Buback, M.; Egorov, M.; Fukuda, T.; Goto, A.; Olaj, O. F.;
Russell, G. T.; Vana, P.; Yamada, B.; Zetterlund, PPBxg. Polym. Sci.
2005 30, 605-643.
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(25) The catalysts can be removed from polymer by regular procedures procedure of the determination lkf. The material is available
(reprecipitation, etc.), although the catalyst covalently attached to polymer . .
via cross-termination is difficult to remove. In any case, the amount of the 1r€€ Of charge via the Internet at http://pubs.acs.org.
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not be a large problem in most practical usage. JA0755820
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