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The growing demand for functionalized, structurally well- Ll -

defined, polymeric materials has been a driving force for the 02 Yd 55"10°X+0.0042
development of controlled (“living”) radical polymerization R=0.99519
(CRP) techniquektwo notable examples of which are nitroxide- "
mediated polymerization (NMP)°> and reversible addition 0'00 100 200 300 400 500 600

fragmentation transfer (RAFT) polymerizati®nt® However,

in order to have good control over the polymerization, the Reaction time (min)

concentration of propagating radicals must be kept low to
minimize bimolecular termination reactions. The price paid for
this is the slow polymerization rate, which diminishes the

Figure 1. Polymerization kinetics fon-butyl acrylate (monomer, M)

in the presence and absence of Lewis acids (ScgdTfnol %; ALOs,

10 mol %). Conditions: nitroxide-mediated polymerization (NMP)
initiator (2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane),

practical utility of such systems. Clearly, strategies must be 0.6 mmol; NMP control agent (2,2,5-trimethyl-4-phenyl-3-azahexane
developed that allow CRP to be conducted at lower tempera- 3-nitroxide), 0.03 mmol; BA, 75 mmol; tetrachloroethane, 0.5 g; PhCl,
tures, in shorter time periods, and with higher monomer 20 ML; 125°C.
conversions. solution) and proceeded at a rake,(, observed polymerization

One approach to increasing the radical polymerization rate rate constant) significantly faster than that without the Lewis
of acrylate monomers is to use a Lewis acid as a complexationacid. Furthermore, the polymerization rate increased with
agent. The Lewis acid coordinates to the ester carbonyl groupincreasing amount of added alumina, eventually reaching an
of the acrylate monomer and reduces the electron density inasymptote, presumably due to saturation coordination at the
the conjugated €C bond, thereby increasing the reactivity of  alumina surface (see Supporting Information, Figure S1). The
the radical generated. Although rate acceleration in acrylate polydispersity of the polymers obtained in the presence of
polymerizations by added Lewis acids has been previously alumina remained low in every case (1-1015). The latter
reported, most Lewis acids employed thus far are relatively indicates that the polymerization is well-controlled and that
expensive materials that are soluble in the reaction medium and,alumina was increasing the reactivity of the propagating radicals
therefore, not easily recycléd.’® From the standpoint of  rather than increasing their concentration (which would result
practical “green chemistry”, the ideal Lewis acid should be in higher polydispersity). In contrast to the observation with
insoluble and can be separated by filtration and reused. At first n-butyl acrylate, the rate of NMP-mediated polymerization of
glance, this appears to be a difficult problem because the radicalstyrene, a monomer that cannot coordinate to a Lewis acid, was
polymerization would be expected to occur in the liquid nearly unaffected by the addition of alumina (see Supporting
monomer phase and the insoluble Lewis acid would be expectedinformation, Figure S2). This latter observation also suggests
to have a minimal influence on the polymerization. However, that there is no change in propagating radical concentration
as discussed above, the bonding of the acrylate monomer tothrough the interaction of alumina with NMP.
the Lewis acid significantly increases the reactivity of the  The living nature of the-butyl acrylate (BA) polymerization
corresponding radical. Thus, under ideal conditions, the acrylatein the presence of alumina is further illustrated by the close
monomer units that participate in the polymerization would be correspondence between the theoretical molecular weight based
predominantly those that are bound to the heterogeneous Lewison monomer/initiator ratio and the observed molecular weight.
acid!” Herein, we report significant rate enhancement in NMP  This is shown in Figure 2; all of the PDI values were below
and RAFT polymerizations in the presence ebalyticamount 1.15.
of solid acidic alumina (AlO;) as Lewis acid. The acidic More importantly, the nitroxide-terminated polymers made
alumina can be recycled repeatedly without loss of activity.  from these systems can be retreated with a different monomer

Nitroxide-Mediated Polymerization in the Presence of  for chain extension to form block copolymers. For example, an
Alumina. The first-order plots in Figure 1 illustrate the rate alkoxyamine-functionalized polgébutyl acrylate) block (0.5 g;
enhancement in the presence of Lewis acids for the polymer-M,, 15 000; PDI, 1.11) was initially grown in the presence of
ization of n-butyl acrylate. While the rate enhancement was 10 mol % alumina, and the resultant macroinitiator was
much higher in the presence of soluble Sc(Q;Td) significant employed to polymerize styrene (1.5 g) at PZ5under N for
deviation from linearity was observed at longer reaction times, 8 h. This resulted in 61% conversion of styrene and gave a
and the polydispersity (PDI) of the resultant polymers was high block copolymer, GPC analysis of which revealed the expected
(2.3—-3.6). However, the polymerization was well-behaved in increased molecular weighMg, 55 000; PDI, 1.16) and no
the presence of acidic alumina (Aldrich, acidic, Brockmann |, detectable amount of unreacted starting block (see Supporting
standard grade;~150 mesh, pH= 4.5 + 0.5 in aqueous Information, Figure S3).

Finally, the alumina used for accelerating the NMP reactions

* Corresponding author. E-mail: asen@psu.edu. can be readily removed by simple filtration and reused. As an
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Figure 2. Relationship between experimental number-average molec-
ular weight M,) and theoretical molecular weight for the nitroxide-
meditaed polymerization (NMP) afbutyl acrylate in the presence of
alumina (10 mol % relative to monomer). Conditions: NMP initiator
(2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane), 1.0 equiv;
NMP control agent (2,2,5-trimethyl-4-phenyl-3-azahexane 3-nitroxide),
0.05 equiv; 125C (see Table S1, Supporting Information for additional
data).
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Figure 3. Polymerization kinetics for methyl acrylate (monomer, M)
in the presence and absence of acidic alumina (10 mol % relative to
MA). Conditions: reversible additiorfragmentation transfer (RAFT)
agent (benzyl 1-pyrrolcarbodithioate), 0.29 mmol; AIBN, 0.058 mmol;
MA, 23.3 mmol; 60°C.

Communications to the Editor155

10000 . . . . 5

9000
8000
7000
6000
5000+

4000

o
AysiadsipAjod

3000+

2000
L1

1000

20 40 60 80 100

Total monomer conversion (%)

Figure 4. Dependence of number-average molecular weilghj and
polydispersity on total monomer conversion for the reversible adeition
fragmentation transfer homopolymerization of methyl acrylate in the
presence of AD; (10 mol % relative to MA). Conditions: RAFT
(benzyl 1-pyrrolcarbodithioate), 0.29 mmol; 2gzobis(isobutyronitrile)
(AIBN), 0.058 mmol; MA, 23.3 mmol; AlOs, 2.3 mmol; 60°C.

cannot interact with the Lewis acid suggest that the observed
effect is not due to a change in the concentration of propagating
radicals in the system. The accelerating effect is particularly
dramatic since only a small fraction of the Lewis acid sites that
are present on the alumina surface can actually interact with
the acrylate. Preliminary NMR studies on the coordination of
soluble Lewis acids to the ester carbonyl of acrylate monomers
and polymers suggest that the interaction with the monomer is
significantly stronger than that with the polymiéithus explain-

ing why only a catalytic amount of Lewis acid is required for
polymerization rate enhancement. The Lewis acid-enhanced
polymerizations have “living” characteristics, allowing the
synthesis of block copolymers. The alumina can be quantita-
tively removed by filtration and recycled with no significant
loss in efficacy.
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example, the same sample of alumina was used for successivgyeferences and Notes

n-butyl acrylate homopolymerizations. Typically, 968% of
the alumina was recovered, and for each polymerization cycle

there was good agreement between theoretical and experimental

My values (cf. Table S1 and Figure 2) and the polydispersity
remained below 1.15.

RAFT Polymerization in the Presence of Alumina.Figures
3 and 4 summarize our results on RAFT homopolymerization

of methyl acrylate (MA) in the presence and absence of added

alumina (10 mol % relative to monomer). A 5-fold increase in
polymerization rateky,d is observed in the presence of alumina.
Furthermore, the linear relationship between molecular weight

evolution and total monomer conversion, as well as the narrow

polydispersities (Figure 4), is consistent with a polymerization
that is “living”.

In summary, the addition of insoluble acidic alumina to
controlled radical NMP and RAFT polymerizations of acrylate
monomers results in significantly higher reaction rates and

conversions. Parallel experiments with monomers that can and
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