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Use of Ascorbic Acid as Reducing Agent for Scheme 1. Proposed Mechanism for ARGET ATRP
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Receied January 24, 2007 Polymerization in DMF initially proceeded faster than that
Revised Manuscript Receed February 7, 2007 in anisole and led to polymers with higher polydispersity. This

is especially noticeable in the polymerization when 250 ppm
Since its discovery in 1995, atom transfer radical polymer- of Cu was used: polymers were obtained with molecular
ization (ATRP}-2has become an efficient technique for synthe- weights much higher than expected, indicating limited initiation
sis of polymers with precisely controlled molecular architecture efficiency (~41%). However, by changing the solvent to anisole,
(topology, composition, functionality)® and for the preparation  a significantly higher level of control was achieved. Figure 1
of various hybrid materials* and bioconjugateS-2*We have  compares kinetics and evolution of molecular weights and
recently reported three new initiating systems based on activatorspolydispersities with conversion for two selected experiments.
generated by electron transfer (AGEFfSactivators regener- ~ ARGET ATRP under heterogeneous conditions approached
ated by electron transfer (ARGE®),?° and initiators for ~ ~80% MA conversion in less than 3 h. The experimental
continuous activator regeneration (ICAR)These techniques  molecular weights, determined by GPC using polystyrene
employ oxidatively stable Cu(ll) complexes that are activated standards, were in good agreement with the theoretical values,
in the presence of various reducing agents. In AGET, essentiallyindicating high initiation efficiency. The molecular weight
all Cu(ll) species are quickly reduced to a Cu(l) state, and a distribution (MWD, M,/M,) remained 1.3+1.3 for the entire
normal ATRP starts in the presence=1000 ppm ¢ 0.1 mol polymerization, indicating that control was quickly attained and
% vs monomer) catalyst. AGET has been successfully carried retained.
out in organic solvents, in water, and also in various dispersed The concentration of Cu was further decreased to a lower
mediaz®>26:30-34 The requirements for the reduction process in level, e.g., 25 ppm, when anisole was used as solvent. When
an AGET system are very different from those in the recently the reaction was carried out in DMF (Table 1, entry 3) the
developed ARGET and ICAR methods. The ARGET process polymerization was still poorly controlled, evidenced by the
uses a much lower concentration of catalyst and relies on a slowrelatively broad MWD §,,/M, = 1.6). In contrast, the polym-
steady regeneration of Cu(l) from Cu(ll) species that are erization conducted in anisole (Table 1, entry 4) was well-
continuously formed by unavoidable radical termination reac- controlled. The monomer conversion increased to over 90% after
tions (as illustrated in Scheme 1). Consequently, the amount of 5 h, experimental molecular weights were in good agreement
Cu(ll) added to the reaction is much smaller than the amount with the theoretical values, and the GPC traces symmetrically
of reducing agent needed to balance the termination processshifted to higher molecular weight, indicating high initiation
Various reducing agents have been reported for a successfukfficiency.
AGET ATRP, including tin(ll) 2-ethylhexanoate in organic It was further observed that a higher amount of reducing
media and ascorbic acid in aqueous systems. Ascorbic acid isagent, ascorbic acid, resulted in a higher polymerization rate,
a strong reducing agent, and it very quickly converts Cu(ll) to as illustrated in Figure 2. When the amount of reducing agent
Cu(l) species. Very fast reduction process of Cu(ll) complexes was 100 times higher than that of the Cu(ll) catalyst (200 times
by ascorbic acid diminishes their concentration to a very low higher than the stoichiometrical amount), the polymerization
level, increases concentration of radicals, and decreases polymreached over 90% MA conversion i3 h. The higher
erization control. This suggests that ascorbic acid should not polymerization rate indicates that, in addition to a homogeneous
be used for ARGET ATRP, in which the concentration of reaction with sparingly soluble ascorbic acid, some contribution
Cu(ll) complexes is maintained by balancing a slow termination of the heterogeneous redox reaction between the Cu(ll) catalysts
process with an equally slow and steady reduction process. Thusand the surface of the solid ascorbic acid may also occur.
phenols, glucose, hydrazine, Sn(ll) species, and radical initiators  ARGET ATRP was also attempted with only 10 ppm of Cu
(ICAR) were preferentially used for that purpdge?® (Table 1, entry 6). The polymerization reache80% conver-
Herein, we show that ascorbic acid can be successfully sion in 5 h. This polymerization displayed moderate control, as
applied to ARGET, but under heterogeneous conditions, when evidenced by a constant radical concentration and the relatively
its limited solubility in reaction medium allows a controlled narrow MWD of the obtained polymers. All polymerizations
ARGET ATRP. carried out with 25 ppm or lower concentration of Cu resulted
Table 1 illustrates results of an ARGET ATRP of methyl in the preparation of essentially colorless polymers; therefore,
acrylate (MA) in the presence of various amounts of GUBr  catalyst removal may not be necessary for some applications.
tris(2-(dimethylamino)ethyl)amine (MEREN) complexes and ARGET ATRP ofn-butyl acrylate (BA), methyl methacrylate

ascorbic acid under homogeneous conditionsNjN-dimeth- (MMA), and styrene (St) with the aid of heterogeneous redox
ylformamide (DMF)) and under heterogeneous conditions (in reactions was also successful, as illustrated in Table 1, entries
anisole in which ascorbic acid has limited solubfiy 7—9. With 25 ppm of Cu, polymers with polydispersity below
1.3 were prepared. For St, the polymerization temperature was
* Corresponding author. E-mail: km3b@andrew.cmu.edu. 90 °C in order to obtain an appropriate polymerization rate.
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Table 1. Synthesis of PolyMA, PolyBA, PolyMMA, and PolySt by ARGET ATRP Using Ascorbic Acid as Reducing Ageft
ascorbic acid

entry monomer (to Cu, in mol) Cu (ppn solvent time (h) conv (%) Mhn(theo) Mn(GPC) Mw/Mp
1° MA 10 250 DMF 15 74 25460 62 550 1.52
2 MA 10 250 anisole 2.2 87 30 000 28 000 1.14
3d MA 10 25 DMF 15 76 26 100 32700 1.60
4d MA 10 25 anisole 5.3 87 30 000 27700 1.19
17 98 33750 34 000 1.18

5d MA 100 25 anisole 3.3 93 32020 34 400 1.30
6° MA 10 10 anisole 6 91 31340 29 700 1.40
7d BA 10 25 anisole 215 89 45 500 43 000 1.28
8d MMA 10 25 anisole 18 59 23260 30 700 1.27
od St 10 25 anisole 64.7 68 27 580 25200 1.18
10 St 10 25 anisole 52 55 53 540 60 900 1.27

a Polymerizations were carried out in 60% solutions of monomer (in volume). Initiator: ethyl 2-bromoisobutyrate (EBiB) for MA, BA, and St; ethyl
o-bromophenylacetate for MMA. Ligand: MEREN. The amount of ligand has been fixed at 10 times the amount of Cu(ll) initially added to the reaction
in order to ensure coordination of the ligand with Cu(ll) in the presence of a large excess of méhcgfhBolymerization temperatures: 8C for
MA, BA, and MMA; 90 °C for St.? Concentration of Cu: molar ratio of Cu to monomegfM]:[Il:[Cu(ll)] = 400:1:0.1.9 [M]:[I]:[Cu(ll)] = 400:1:0.01.
e[MI:[I:[Cu(ll)] = 400:1:0.004 [St]:[PMA-Br]:[Cu(ll)] = 400:1:0.01.
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Figure 1. (A) First-order kinetic plot and (B) molecular weight  Figure 2. (A) First-order kinetic plot and (B) molecular weight
evolution with conversion in ARGET ATRP of MA with ascorbic acid  evolution with conversion in ARGET ATRP of MA with various

as reducing agent in anisole and DMF. Polymerization conditions: amounts of ascorbic acid as reducing agent in anisole. Polymerization
Table 1, entries 1 and 2. conditions: Table 1, entries 4 and 5.

In order to evaluate the livingness of the polymerization, i.e., ARGET ATRP, just as ascorbic acid does in the presently
the retention of active chain-end functionality in the polymers, reported heterogeneous system.
the macroinitiator prepared in entry 4 of Table 1 (reaction was In conclusion, a heterogeneous redox reaction between
stopped at 98% conversion) was chain extended with St (Tableascorbic acid, sparingly soluble in anisole, and Cu(ll) species
1, entry 10). High functionality was proved by the successful is sufficiently slow to maintain a slow but efficient regeneration
block copolymerization. The GPC traces of the block copolymer of Cu(l) species. This results in well-controlled ARGET ATRP
symmetrically shifted toward the higher molecular weight, of methyl acrylaten-butyl acrylate, methyl methacrylate, and
indicating high cross-propagation efficiency. styrene. The use of ascorbic acid as an environmentally friendly

Recently, Cu(0) was applied as a heterogeneous reducingreducing agent provides a safe and controlled ATRP procedure
agent for ATRP of methyl acrylate and vinyl chloriéfe. for the production of commercially viable functional/responsive
Although another mechanistic explanation was proposed (outer-polymers with unnecessary, or reduced, catalyst removal costs.
sphere electron transfer between Cu(0) and dormant species),
it is possible that Cu(0) acts as a reducing agent which slowly  Acknowledgment. The financial support from NSF grant
reduces Cu(ll) species under heterogeneous conditions in(DMR 05-49353) and the CRP Consortium at Carnegie Mellon
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