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ABSTRACT: Reversible addition fragmentation chain transfer (RAFT) polymerization of methyl methacrylate
(MMA) can be carried out in the presence of cyanoisopropyl methyl trithiocarbonatsS[C##S)SC(CH).CN]

and scandium triflate [Sc(OT) to provide simultaneous RAFT-controlled (reversible addition-fragmentation
chain transfer controlled) molecular weight and molecular weight distributiig@iM, < 1.3 at>95% conversion),

Lewis acid-controlled tacticitylfgmmr:rr = 12:44:44 for a mole ratio SC(OBEMMA = 1:8.5 at 60°C) and an
enhanced rate of polymerization. The tacticities observed for poly(methyl methacrylate) (PMMA) are similar to
those observed with scandium triflate in the absence of the RAFT agent. The stability of dithiobenzoate RAFT
agents [ZCES)SR] in the presence of scandium triflate is strongly dependent on both the Z and R substituent.
2-(ethoxycarbonyl)prop-2-yl dithiobenzoate [PEE)SC(CH),CO,CH;] and the polymeric RAFT agent [PhC-
(=S)S—(CH3)(CO.CH3)CH,—PMMA] appear relatively stable. However, cumyl [PEEX)SC(CH),Ph] and
cyanoisopropyl! dithiobenzoate [PRES)SC(CH),CN] are rapidly degraded and are therefore not appropriate
for direct use in this application. These RAFT agents may, however, be used to synthesize stereoblock copolymers
where the RAFT agent is first transformed to an oligomeric or polymeric RAFT agent in the absence of a Lewis
acid. CyanoisopropylH-pyrrole-1-carbodithioate [(§H,N)C(=S)SC(CH).CN] is stable to Lewis acid-induced
decomposition but slowly homolyzes at 8C (even in the absence of the Lewis acid) to initiate the RAFT
polymerization of MMA.

Introduction
Reversible addition fragmentation chain transfer (RAFT) W
polymerization offers many benefits over conventional radical syndiotactic ¢7)

polymerization including the ability to exert control over the w
molecular weight and molecular weight distribution, prepare l

. . heterotactlc (mr)
block copolymers or polymers with more complex architectures,
and generate functionalized polymers (the features usually

associated with living polymerization¥)®> RAFT polymeriza-

. . . . . 1sotactlc mm
tions can be carried out in bulk, solvent, emulsion, or suspension, ( )

over a large temperature range, and are compatible with the
functionality present in most monomers, initiators, and solvents. -

However, the RAFT process does not, by itself, exert any control * OCH, H, a-CH,

over polymer chain stereochemistry. The tacticity of RAFT- ‘3‘5 - 2‘5 - ‘ - 1‘5 e 0‘5

synthesized polymers appears identical to those obtained by the ppm

conventional radical polymerization under similar experimental Figure 1. 400 MHz *H NMR spectrum (CDG) of poly(methyl

conditions. methacrylate) (R= CO,CHs) showing triad assignment$3® Sample
Stereocontrol over the propagation step is achievable in Was prepared by polymerization of methyl methacrylate (7.01 M in

o A o : benzene) with cumyl dithiobenzoate (93102 M) and azobisisobu-
anionic and coordination polymerization through the choice of tyronitrile (6.98x 10-3M) as the initiator for 16 h at 66C. Conversion

solvent or complexing ggen?g. However, despite some sig- 909, M, 62 000 (polystyrene equivalents)l,/M, = 1.09, mmmr:rr
nificant advance8 effective stereocontrol over the propagation = 3:34:63.
step in radical polymerization remains one of the holy grails of

polymer scienc&10

: o . 0 Q
Various approaches to stereocontrol of propagation in radical I >_< H
polymerization of methacrylic monomers are reported in the O o Xp
literature!® The most successful involve the use of modified A
monomers. Polymerization of methacrylates with bulky aromatic . O
ester groups [e.g., triphenylmethyl methacrylate or 1-phe- O
nyldibenzosuberyl methacrylaf]providesisotactic polymerd. 13

A preponderance of isotactic triads was also observed in the

polymerization of the zinc coordination complex of methacrylic 1 2
acid 2.141° Some modification of tacticity in radical polymerization of
methyl methacrylate (MMA) and other simple methacrylate
* To whom correspondence should be addressed. esters has been achieved through the use of fluorinated alcohols
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Figure 2. Evolution of number average molecular weight (polystyrene
equivalents, open symbols) and polydisperdity, M, filled symbols)
with conversion during reversible addition fragmentation chain transfer
polymerization of methyl methacrylate with cumyl dithiobenzo&e (

in the presenceX) and absenceX) of scandium triflate at 60C. The
dashed line £ — —) indicates the theoretical molecular weight
calculated using eq 1.

as a solvent for the polymerizati¥ or by the addition of Lewis
acids>'7 Isobe et al’ conducted a systematic study of the
radical polymerization of MMA in the presence of a series of
Lewis acids. They found that the largest change in tacticity for
poly(methyl methacrylate) (PMMA) was induced by addition
of scandium triflate (scandium trifluoromethanesulfonate, Sc-
(OTf)3). Conventional radical polymerization of MMA in
toluene provides a predominantly syndiotacti¢ polymer with
mmmr:rr = 3:33:64 (2.4 M MMA in toluene at 60C).1” MMA
polymerization in the presence of scandium triflate produced
polymers with a significantly higher fraction of isotactimif)
and heterotactic triadsmf) than polymers prepared in the
absence of scandium triflate. Thus, PMMA wittmmr:rr =
14:46:40 was obtained for polymerization at®Dunder similar
conditions but with 0.2 M scandium triflafé.

Previous attempts to use the RAFT process to control MMA
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Figure 3. Regions of the 400 MH2H NMR spectra of (A) cumyl
dithiobenzoate3, 0.089 M) in methyl methacrylate (2.27 M in benzene-
ds) without heating and without scandium triflate, with scandium triflate
(0.081 M) after heating at 6TC for (B) 1 h, (C) 4 h, and (D) 16 h, and
(E) without scandium triflate after heating at 8D for 16 h. The singlet
at 7.12 ppm is assigned to residual hydrogens of benderihie large
singlet at 1.75 ppm is assigned to themethyl hydrogens of methyl
methacrylate, and the cumyl methyl hydrogen8,d8f”, appear slightly
downfield and are not completely resolved from this signal.

They?5-27 also investigated RAFT copolymerization of styrene
and MMA in the presence of Lewis acids to achieve alternating
copolymers. The Lewis acid-induced alternating copolymeri-
zation of 5-pinene with acrylonitrile in the presence of cy-
anoisopropy! dithiobenzoate has also been stutfiétVery
recently RAFT polymerization of butyl acrylate in the presence
of alumina as a heterogeneous Lewis acid to give significant
rate enhancement has been repofted.

In this paper we report our investigations of the RAFT
polymerization of MMA in the presence of scandium triflate
carried out with the aim of finding RAFT agents that provide
control over molecular weight and distribution of PMMA and

which are stable in the presence of Lewis acid and thus offer
the potential of simultaneous control over polymer chain tacticity

and molecular weight!32

polymerization in the presence of a Lewis acid have been Experimental Section

frustrated by RAFT agent instability (vide infra). Lutz et!8l.
found poor control over the molecular weight and distribution
for the RAFT polymerization of MMA with cumyl dithioben-

General. Scandium triflate (Sc(OT%) (Aldrich, 99%) was used
as received. MMA (Aldrich, 99%) was purified by passage through
activity | neutral alumina (to remove inhibitors) followed by

zoate in the presence of scandium triflate in toluene as the fractional distillation and then flash distillation immediately prior
solvent. Better control over the molecular weight and distribution to use. Azobisisobutyronitrile (AIBN, DuPont) was purified twice

was achieved with use of methanol as the solvent; however,

under these conditions the polymers synthesized did not dISpIayWaters Associates liquid chromatograph equipped with differential

substantially modified tacticity. Isobe et'dlobserved in earlier

work that the degree of stereocontrol achieved with scandium

triflate is solvent dependent.
Other RAFT polymerizations carried out in the presence of
Lewis acids, with the aim of achieving tacticity control for

by crystallization from chloroform/methanol and stored-4# °C.
Gel permeation chromatography (GPC) was performed with a

refractometer and X% mixed C and 1x mixed E PLgel column
(each 7.5 mmx 300 mm) from Polymer Laboratories. Tetrahy-
drofuran (flow rate of 1.0 mL/min) was used as the eluent at22

2 °C. The columns were calibrated with narrow polydispersity
polystyrene standards (Polymer Laboratories). A third-order poly-

homopolymers, monomer sequence control for copolymers, or nomial was used to fit the log M vs time calibration curve, which
simply rate enhancement have met with greater SUGGEAEFT appeared approximately linear across the molecular weight range
polymerization ofN-isopropylacrylamide (NIPAM) derivatives (2 x 107)—(2 x 10°) g mol™*. The molecular weights in this paper
in the presence of Lewis acids and with either 1-phenylethyl &€ reported as polystyrene equivalents. Samples for GPC analysis
or cumyl dithioacetate as the RAFT agent was reported were isolated by evaporation of solvent and unreacted monomer.

. : No precipitation or fractionation was performed prior to GPC

_ 22 23

byIOkamottc_) and fonorkle@I; a’lo” Ietl aI.. swd'?ﬁ ?AF-{ analysis. Samples were further purified by precipitation into
polymerization of N-acryloyli-phenylalaniné metnhyl €ster — ,ainang) for analysis by NMR spectroscopy. The NMR spectra
with benzyl H-pyrrole-1-carbodithioate as the RAFT agent.

’ ! Age! were recorded on a Bruker AC200 (200 MHz fiid NMR) or
Matyjaszewski and co-workers reported RAFT polymerization

_ \ ! Bruker Av400 spectrometer (400 MHz féif NMR, 125 MHz for
of N,N-dimethylacrylamid& and MMA!® in the presence of  13C NMR) where indicated. Chemical shifts are quoted relative to
Lewis acids with cumyl dithiobenzoate as the RAFT agent.

(external) tetramethylsilane (TMS).
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Figure 4. Rate of reversible addition fragmentation chain transfer polymerization of methyl methacrylate (7.01 M in benzene) (a) in presence of
scandium triflate £0.21 M) and (b) in the absence of scandium triflate. Polymerization &06@ith AIBN initiator (6.98 x 10°2 M) and with

RAFT agent cumyl dithiobenzoat8)((l), cyanoisopropyl dithiobenzoatéd)((a), 2-(ethoxycarbonyl)prop-2-yl dithiobenzoat) (®), cyanoisopropyl
1H-pyrrole-1-carbodithioate6j (O), and cyanoisopropyl methyl trithiocarbonat® (O).

Table 1. Effect of Scandium Triflate on Reversible Addition Fragmentation Chain Transfer Polymerization of Methyl Methacrylate (MMA) in
the Presence of Dithiobenzoate RAFT Agents (35) and Azobis(isobutyronitrile) (AIBN) Initiator at 60 °C in Benzené

RAFT [Sc(OTfy] time conversion MnP M (theoretj o
agent (M) (h) % mm mr rr m (g molb) (g molb) Muw/Mpd
3 0 2 11 5 33 62 22 11 000 7900 1.29
3 0 4 24 4 33 63 21 21 000 16 500 1.17
3 0 6 34 4 33 63 21 29 000 22 500 1.16
3 0 8 51 3 34 63 20 38 000 32700 1.09
3 0 16 90 3 34 63 20 62 000 51700 1.09
3 0.218 2 3 5 34 61 22 11 000 2160 1.38
3 0.218 4 21 4 33 63 21 36 000 14 500 1.17
3 0.218 6 37 4 33 63 21 61 000 24 500 1.16
3 0.218 8 44 4 36 60 22 83 000 28 200 1.24
3 0.218 16 92 5 37 58 24 121 000 52 800 1.24
4 0 2 12 3 34 63 20 13 000 8500 1.23
4 0 4 31 4 33 63 21 22 000 21 000 1.12
4 0 8 51 3 34 63 20 31000 33200 1.09
4 0 16 91 4 34 62 21 47 000 52 000 1.06
4 0.211 2 16 4 34 62 21 34 800 11 800 1.23
4 0.211 4 45 4 34 62 21 75000 31 200 1.16
4 0.204 6 71 6 38 56 24 96 500 47 200 1.15
4 0.206 8 85 7 38 55 24 129 000 54 500 1.26
5 0 2 15 4 33 63 21 38000 9990 1.56
5 0 4 29 4 33 63 21 41 000 18 600 1.51
5 0 6 39 4 33 63 21 43 000 24100 1.50
5 0 8 51 4 33 63 21 48 000 30 600 1.43
5 0 16 100 4 33 63 21 60 000 54 400 1.32
5 0.206 2 22 5 34 61 22 34 000 14 700 1.52
5 0.206 4 43 5 35 60 23 39000 27 600 1.47
5 0.206 6 62 4 36 60 22 46 000 38400 1.38
5 0.206 8 98 6 37 57 25 61 000 58 800 1.27

a[MMA] = 7.01 M in benzene, [AIBN}= 6.98 x 103 M, [dithiobenzoate]= 9.3 x 10~ M. P Number average molecular weight in polystyrene
equivalents® Calculated using eq E.Polydispersity= ratio of weight average and number average molecular weights.

RAFT Reagents.Cumyl dithiobenzoate3d),3® cyanoisopropyl Monomer conversions were established by comparing the
dithiobenzoate 4),3% 2-(ethoxycarbonyl)prop-2-yl dithiobenzoate intensity of'H NMR signals for the methoxyl hydrogens of MMA
(5),%4 cyanoisopropyl H-pyrrole-1-carbodithioates],3® and cyano- (6 3.75) and PMMA ¢ 3.59).

isopropyl methyl trithiocarbonat&')*> were prepared as described MMA Polymerizations with Scandium Triflate. The following
elsewhere. o procedure is typical for all polymerizations in the presence of
Polymerization Procedure. Control MMA Polymerization. scandium triflate. Aliquots (0.5 mL) of stock solution from the

The following procedure is typical for all polymerizations in the
absence of scandium triflate. In a 10 mL volumetric flask, a stock
solution comprising MMA (7.5 mL, 7.01 M), AIBN (11 mg, 0.0066
M), cyanoisopropyl methyl trithiocarbonat@)((0.023 g, 0.01 M)

in benzene (2.5 mL) was prepared. Aliquots (0.5 mL) were
transferred to ampules, degassed with three freezacuate-thaw

control experiment (prepared as described above) were transferred
to ampules containing scandium triflate (0.05 g, to give 0.21 M),
degassed with three freezevacuate-thaw cycles and sealed. The
ampules were heated at 801 °C in a thermostatted oil bath for

the times indicated. NMR spectra of the reaction mixtures were
obtained to determine conversions. The excess monomer and solvent
cycles and sealed. The ampules were heated at @0°C in a were removed by evaporation at ambient temperature under vacuum,
thermostatted oil bath for the times indicatéid. NMR (200 MHZ) and the residues were ana|yzed direcﬂy by GPC. Samp|es were

of the reaction mixture was taken before removal of the solvent to then reprecipitated into methanol and dried prior to ana|ysis by
determine conversions. The excess monomer and solvent wereNMR spectroscopy to determine tacticity

removed by evaporation at ambient temperature under vacuum, and

the residues were analyzed directly by GPC. Samples were thenresults and Discussion

precipitated into methanol and dried prior to analysis by NMR

spectroscopy to determine tacticity. The NMR spectrum of a control A series of RAFT agents comprising, dithiobenzoat@s (
PMMA indicating triad assignments is shown in Figure 1. 5), cyanoisopropyl H-pyrrole-1-carbodithioates], and cyano-
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Figure 5. Evolution of number average molecular weight (polystyrene
equivalents, open symbols) and polydispersity (filled symbols) with
conversion during reversible addition fragmentation chain transfer
polymerization of methyl methacrylate with cyanoisopropyl! dithioben-
zoate 4) in presence) and absence() of scandium triflate at

60 °C. The dashed line{ — —) indicates the theoretical molecular
weight calculated using eq 1.
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Figure 6. Regions of the 400 MHZH NMR spectra of cyanoisopropyl
dithiobenzoate4, 0.11 M) in methyl methacrylate (2.50 M in benzene-
ds) (A) without heating and without scandium triflate, with scandium
triflate (0.079 M) after heating at 6C for (B) 1 h, (C) 4 h, and (D)16

h, and (E) without scandium triflate after heating at €D for 16 h.
The singlet at 7.12 ppm that is incompletely resolved from signal “d”
is assigned to residual hydrogens of benzénéerhe large singlet at
1.75 ppm is assigned to themethyl hydrogens of methyl methacrylate.

S  Ph
s/ﬁ\ S N ) 02CH2CH3
©)ks ©AS$
3
4

6

isopropylmethyl trithiocarbonat&) were investigated both with
respect to their stability and their ability to control MMA
polymerization in the presence of the Lewis acid, scandium
triflate. The RAFT agents all have tertiary “R” groups (cumyl
(3), cyanoisopropyl 4, 6, 7), or 2-(ethoxycarbonyl)prop-2-yl

RAFT Polymerization of Methyl Methacrylate9265

e
1'2"105; e o 15
8.0x10° -

M (@mol’) F
40x10°

0.0 el
0 20 40 60 80 100

Conversion (%)

Figure 7. Evolution of number average molecular weight (polystyrene
equivalents, open symbols) and polydispersity (filled symbols) with
conversion during reversible addition fragmentation chain transfer
polymerization of methyl methacrylate with 2-(ethoxycarbonyl)prop-
2-yl dithiobenzoateR) in presenceld) and absenceX) of scandium
triflate at 60°C. The dashed line<{ — —) indicates the theoretical
molecular weight calculated using eq 1.
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Figure 8. Aromatic region of the 400 MHZH NMR spectra of
2-(ethoxycarbonyl)prop-2-yl dithiobenzoats, (0.079 M) in methyl
methacrylate (2.59 M in benzemg) (A) without heating and without
scandium triflate, with scandium triflate (0.80 M) after heating at
60 °C for (B) 1 h, (C) 4 h, and (D)16 h, and (E) without scandium
triflate after heating at 60C for 16 h. The singlet at 7.12 ppm that is
incompletely resolved from signal “c” is assigned to residual hydrogens
of benzeneds. Large singlet at-1.75 ppm is assigned to tlhemethyl
hydrogens of methyl methacrylate.

(5)). Polymerizations of MMA were carried out in the presence
and absence of scandium triflate in benzene solvent &060
and with AIBN as the initiator.

An indication of the instability of the RAFT agent is provided
by molecular weights being higher than anticipated based on
eq 13

_ M1, — M,
" [T, — [T, + dfll (L — expk0)

wheremy and my are the molecular weights of the monomer
(MMA) and the initial RAFT agent (T), respectivelg, is the
number of chains produced in a radicaadical termination
event @ ~ 1.67 for MMA polymerization), andty andf are the
rate constants for initiator decomposition and the initiator
efficiency, respectively (for AIBN at 60C, kg = 9.65 x 1076
M~1s1andf ~ 0.6)36If the fraction of initiator-derived chains

is small and the RAFT agent is rapidly converted to a polymeric
RAFT agent, this equation simplifies to eq 2.

Ml — M,
Mo =,

my+me (1)

My + My )
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Table 2. Effect of Scandium Triflate on Reversible Addition Fragmentation Chain Transfer Polymerization of Methyl Methacrylate (MMA) in
the Presence of Polymeric Dithiobenzoate RAFT Agent (8) and Azobis(isobutyronitrile) (AIBN) Initiator at 60°C in Benzene

RAFT [Sc(OTfy] conversion M,P M, (theoret} o
agent (M) time (h) % mm mr rr m (g mol?) (g mol?) My/Md
3¢ 0 4 22 4 33 63 20 15 300 15 400 1.24
gf 0 4+ 6 65 4 33 63 20 43 400 40 800 1.12
89 +0.21 4+ 6 89 5 36 59 24 58 800 55700 1.18

a[MMA] , = 7.01 M in benzene, [AIBN]= 6.31 x 10~ M. ® Number average molecular weight in polystyrene equivalé@sliculated using eq 1.
d Polydispersity= ratio of weight average and number average molecular weig[@f 9.4 x 103 M. f Polymeric RAFT agen8 is formed from3 during
first 4 h reaction time? Scandium triflate added after 4 h.

Table 3. Effect of Scandium Triflate on Reversible Addition Fragmentation Chain Transfer Polymerization of MMA with Cyanoisopropyl!
1H-pyrrole-1-carbodithioate (6) and Azobis(isobutyronitrile) (AIBN) Initiator at 60 °C?

Lewis conversion Mn® M (theoret) o
acid time (h) % mm mr rr m (g mol) (g mol?) Mw/Me
none 2 21 3 33 64 20 15000 16 700 1.49
none 4 34 3 33 64 20 23000 25800 1.32
none 6 49 3 33 64 20 30 000 35800 1.28
none 8 74 3 33 64 20 48 000 52100 1.28
Sc(OTfy 2 31 4 35 61 22 32000 24 700 1.75
Sc(OTfi 4 47 4 36 60 22 39000 35700 1.49
Sc(OTfy 6 94 6 38 56 25 65 000 68 600 1.31
Sc(OTfy 8 99 7 38 55 26 67 000 69 600 1.29

a[MMA] = 7.01 M, [AIBN] = 6.98 x 1073 M, [cyanoisopropyl H-pyrrole-1-carbodithioate}= 9.5 x 1073 M, [Sc(OTf)] = 0.206 M.P Number
average molecular weight in polystyrene equivaleh@alculated using eq F.Polydispersity= ratio of weight average and number average molecular

weights.

Table 4. Effect of Scandium Triflate on the Reversible Addition Fragmentation Chain Transfer Polymerization of MMA with Cyanoisopropyl

Methyl Trithiocarbonate (7) and Azobis(isobutyronitrile) (AIBN) Initiator at at 60

°oca

Lewis time conversion Mn® M, (theoret) o
acid (h) % mm mr r P (g mol) (g mol?) Mw/Mp€
none 2 14 4 33 63 21 9500 10 000 1.47
none 4 22 4 33 63 21 14 900 15000 1.27
none 8 50 3 33 63 21 33900 33900 1.17
none 16 98 3 33 63 21 66 500 55 300 1.08
Sc(OTfg 2 21 5 34 62 21 24 600 15 000 1.54
Sc(OTfg 4 44 5 36 59 23 32000 25800 1.26
Sc(OTfg 6 80 6 37 58 24 57 400 52 100 1.19
Sc(OTfg 8 94 7 39 55 26 63 600 59 100 1.12

a|nitial concentrations: [MMA]= 7.01 M, [AIBN] = 6.98 x 1073 M, [7] = 9.5 x 103 M, [Sc(OTf3)] = 0.206 M." Fraction of mesorf) dyads.
¢ Number average molecular weight in polystyrene equivalér@alculated using eq E.Polydispersity= ratio of weight average and number average

molecular weights.

For longer reaction times, this equation is not appropriate magnitude of the effect does not depend on the particular
for the initiator concentration used in this work. Thus, the dithioester and is similar to that seen in the absence of
calculated molecular weights reported are calculated using eqdithioester. However, with either cumyl dithiobenzoas® ¢r
1 with the assumption that [TF 0. Any affect of the Lewis cyanoisopropyl dithiobenzoatd)(as the RAFT agent, control
acid on eitheky or f or of the variation of with conversion is over the molecular weight and molecular weight distribution is
also neglected. High molecular weights for low conversions seen clearly impaired by the presence of the Lewis acid.
with, for example,5 is due to slow utilization of the RAFT Experiments with Cumyl Dithiobenzoate (3). Cumyl
agent and [TJ= 0. The precision of GPC molecular weights is  dithiobenzoateJ) is readily synthesizédand is one of the most
considered to bee5%. The data presented here also contain a frequently utilized RAFT agents for controlling the polymeri-
systematic error and are5—10% high as they are reported in  zation of MMA and other methacrylic monomér&:34.3%42 The
polystyrene equivalents. evolution of the molecular weight and molecular weight

The tacticity of PMMA is conveniently assessed by analysis distribution with conversion of PMMA formed during AIBN
of the TH NMR spectrum. A spectrum of PMMA indicating initiated polymerization of MMA with3 both in the presence
assignment&-3for the hydrogens of tha-methyl in isotactic, and absence of scandium triflate in benzene at®®s shown
heterotactic, and syndiotactic triads is shown in Figure 1. in Figure 2. The tacticity of the polymers determined %y

Experiments with Dithiobenzoates. The use of three NMR analysis is shown in Table 1. In accord with our previous
dithioesters, cumyl dithiobenzoat8),(cyanoisopropyl dithioben-  findings3* PMMA formed by RAFT polymerization in the
zoate #), and 2-(ethoxycarbonyl)prop-2-y! dithiobenzoai, ( absence of scandium triflate is well-defined having the predicted
have been explored in the present work with respect to their molecular weight and a narrow molecular weight distribution.
ability to control radical polymerizations of MMA carried out  The polymer chains formed in the presence of scandium triflate

in the presence of the Lewis acid, scandium triflate. The data at high conversion contain a slightly higher fraction of isotactic
obtained is summarized in Table 1. In the presence of 0.2 molar(mm) and heterotacticngr) triads and correspondingly a lower
equiv of scandium triflate with respect to monomer, a small fraction of syndiotacticrf) triads. Even though the evolution
increase in the fraction of syndiotactic triads is observed which of molecular weight with conversion is linear, it is clear that
becomes more noticeable for higher monomer conversions. Thethe molecular weight of the PMMA synthesized in the presence
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Figure 9. Evolution of number average molecular weight (polystyrene - rigyre 11. Evolution of number average molecular weight (polystyrene
equivalents, open symbols) and polydispersity (filled symbols) with  equivalents, open symbols) and polydispersity (filled symbols) with
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polymerization of methyl methacrylate with cyanoisopropytgyrrole-
1-carbodithioate) in the presence) and absenceX) of scandium
triflate at 60°C. The dashed line{ — —) indicates the theoretical
molecular weight calculated using eq 1.
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Figure 10. Regions 6.8-7.6 and 0.8-1.6 ppm of the 400 MHZH
NMRspectra of cyanoisopropylHtpyrrole-1-carbodithioate6( 0.12
M) in methyl methacrylate (2.49 M in benzedg)-(A) without heating
and without scandium triflate, with scandium triflate (0.14 M) after
heating at 6(°C for (B) 1 h, (C) 4 h, and (D)16 h, and (E) without
scandium triflate after heating at 8C for 16 h. Signal intensities are

polymerization of methyl methacrylate with cyanoisopropyl trithiocar-
bonate 7) in the presence{) and absenceX) of scandium triflate at
60 °C. The dashed line{ — —) indicates the theoretical molecular
weight calculated using eq 1.
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Figure 12. Region 0.9-2.4 ppm of the 400 MH2H NMR spectra of
cyanoisopropyl methyl trithiocarbonat@, (0.12 M) in methyl meth-
acrylate (2.59 M in benzends;) (A) without heating and without
scandium triflate, with scandium triflate (0.082 M) after heating at
60 °C for (B) 1 h, (C) 4 h, and (D) 16 h, and (E) without scandium
triflate after heating at 6@C for 16 h. Signal intensities are normalized
vs methyl methacrylate methoxy resonance. Large singtefat5 ppm

normalized vs methyl methacrylate methoxy resonance. The two broadiS @ssigned to the-methyl hydrogens of methyl methacrylate.

signals “e” in the region £1.2 ppm are assigned to PMM&-methy!

hydrogens. The singlet at 7.12 ppm is assigned to residual hydrogens3. After 16 h (spectrum D), the RAFT agent appears to be almost

of benzeneds.

completely degraded. Under similar conditions, but in the
absence of scandium triflate, essentially cumyl dithiobenzoate

of scandium triflate is substantially higher than the theoretical appears stable. The spectrum obtained after 16 h &C63
and that the molecular weight distribution is broader than that unchanged (spectrum E).

formed in its absence. Lutz et @ proposed that poor control

The polymerizations carried out in the presence of scandium

over molecular weight and polydispersity for polymers formed triflate show no significant rate enhancement with reference to
in the presence of scandium triflate and other Lewis acids was the control experiment without Lewis acid. This is in marked
due to degradation & caused by scandium triflate. Consistent contrast to polymerizations with all other RAFT agent studies
with this hypothesis, we observed that the polymerization where a significant rate enhancement is induced by the presence

mixtures changed color from pink to orange aBeh of heating
at 60°C.

of the scandium triflate (Figure 4). Increased polymerization
rates are also observed in conventional (non-RAFT) radical

To further test the hypothesis, we followed changes in the polymerization of MMA in the presence of Lewis acitfslt

IH NMR spectrum of3 on being heated in MMA (7.01 M in
benzeneds) at 60°C over 16 h (no AIBN initiator). The findings

are shown in Figure 3. After 1 h, the RAFT agent has begun to

seems that the reaction of scandium triflate wBhalso
deactivates the Lewis acid.
Cumyl dithiobenzoate3) while stable at 60C in the absence

degrade (spectrum B). This is evidenced by the appearance ofof Lewis acid is clearly not suitable to be used in conjunction
new peaks and the disappearance of resonances associated withith scandium triflate.
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Table 5. Effect of Scandium Triflate Concentration on Reversible Addition Fragmentation Chain Transfer Polymerization of Methyl

Methacrylate (MMA) with Cyanoisopropyl Methyl Trithiocarbonate (7) and Azobis(isobutyronitrile) (AIBN) Initiator at 60 °Ca32
conversion Md Mn (theorety o
[MMA]/[Sc(OTf) 3]P time (hy % mm mr rr m (g mol?) (g mol?) Mu/Myf

controP 8 50 4 33 63 21 33900 29300 1.17
controP 16 98 4 33 63 21 61 000 52 500 1.08
34:1 4 44 5 36 59 23 32000 27 400 1.26
34:1 8 94 6 39 55 26 63 600 55 000 1.12
16:1 2 43 7 39 54 27 35000 27700 1.35
16:1 6 86 7 38 55 26 69 000 51 800 122
8.5:1 1 26 7 38 55 26 32300 17 000 1.61
8.5:1 4 87 12 44 44 34 78 900 54 100 1.31

a[MMA] = 7.01 M, [7] = 0.106 M, [AIBN] = 0.0061 M.P Mole ratio. ¢ Reaction times were chosen to provigg0 and>90% conversiond Number
average molecular weights in polystyrene equivaleén®alculated using eq 1Polydispersity= ratio of weight average and number average molecular
weights.9 Control experiment without scandium triflate.

Experiments with Cyanoisopropyl Dithiobenzoate.Cy-
anoisopropyl dithiobenzoatd)(is one of the preferred RAFT
agents for use in RAFT polymerization of methacrylate
esters’*394346 As was observed witl3, the PMMA formed
by RAFT polymerization with cyanoisopropyl dithiobenzoate
(4) in the presence of scandium triflate at high conversion
contains a slightly higher fraction of isotactienf) and
heterotacticfir) triads and correspondingly a lower fraction of and with respect to the PMMA propagating radic#ié’ 48
syndiotactic (r) triads (Table 1). Again, the molecular weights The level of control observed is not affected by the presence
of the PMMA synthesized in the presence of scandium triflate of scandium triflate. This suggests that dithiobenz&atalike
is substantially higher than predicted, and the molecular weight 3 or 4 is relatively stable in the presence of scandium triflate.
distributions are broader than those formed in the absence ofThis is confirmed by'"H NMR analysis (Figure 8) that shows
scandium triflate, particularly for higher conversions (Figure the RAFT agent to be unchanged on heating for 16 h G0
5). It was also observed that solutions containing both RAFT whether in the presence or absence of scandium triflate. Recent
agent and scandium triflate change color from pink to orange work by Xu et al. shows this RAFT agent to be stable to heating
on heating at 60°C. These observations are indicative of at 120°C.A°
degradation of the RAFT agent. Experiments with PMMA Dithiobenzoate (8). The results

In the absence of scandium triflate, cyanoisopropy! dithioben- obtained with5 suggest that the polymeric RAFT ageh(for
zoate §) appears to slowly initiate RAFT polymerization when
heated at 60C with MMA (2.50 M in benzenedg) (Figure 6).

zoate 4). Molecular weights for low conversions are higher
with respect to those calculated based on full utilization of the
RAFT agent, and molecular weight distributions are broader.
This can be attributed t6 having a lower transfer constant and
as a consequence being consumed relatively slowly. 2-Alkoxy-
carbonylprop-2-yl radicals are poor homolytic leaving groups
with respect to either the cyanoisopropyl or cumyl radi®als

CO,CH
There is approximately 2% conversion of MMA and 20% il R
consumption o#f after 16 h. It is possible that this is due to the S

presence of a very small amount of AIBN present as a "
contaminant in the RAFT agent (AIBN is used in the synthesis 8

of the RAFT agent). In the presence of scandium triflate, no
PMMA is formed and4 is degraded to unknown byproducts.

which 5 can be considered a monomeric analogue) is also stable
There is substantial loss dfafter ony 1 h and little remains

in the presence of scandium triflate. This is also suggested by

after 16 h (Figure 6). the linear molecular weight conversion profiles observed in
Degradation of the RAFT agen#)( in the presence of RAFT polymerizations witt8 and4. The stability of8 in the

scandium triflate thus explains higher than expected molecular presence of scandium triflate should not depend on the remote

weights with reference to similar experiments without the Lewis end group “R”.

acid (Figure 5). The molecular weights observed are consistent To test this hypothesis, an experiment was conducted in which

with a RAFT agent concentratior40% of that actually used ~ PMMA dithiobenzoate&) was prepared with cumyl dithioben-

in the experiment. The fact that evolution of molecular weight zoate 8) as RAFT agent in the absence of scandium triflate.

with conversion remains linear suggests that the polymeric After 4 h reaction time (during which time the initial RAFT

PMMA RAFT agent has greater stability thanNonetheless,  agent 8) was largely converted t8), scandium triflate was

we conclude cyanoisopropyl! dithiobenzoa#, (ike 3 is not added to the polymerization mixture, the usual degassing

suitable for use in conjunction with scandium triflate. procedure was applied and polymerization was continued for a
Experiments with 2-(Ethoxycarbonyl)prop-2-yl Dithioben- further 6 h. The outcome of this experiment and that of a

zoate (5).The results of RAFT polymerization of MMA with  corresponding experiment without added Lewis acid are sum-

2-(ethoxycarbonyl)prop-2-yl dithiobenzoat® (n the presence  marized in Table 2.

and absence of scandium triflate in benzene &@are shown The results show that control over the polymerization process

in Table 1 and Figure 7. The effect of added scandium triflate
on tacticity is similar to that seen with other RAFT polymeriza-
tions. A significantly increased reaction rate of polymerization
is observed in the presence of scandium triflate (Figure 4).
Our previous work® has shown that in RAFT polymerization
of MMA, 2-(ethoxycarbonyl)prop-2-y! dithiobenzoatb) (pro-
vides poorer control over the molecular weight and molecular
weight distribution than cumy3] or cyanoisopropy! dithioben-

is retained (polydispersity remains narrow, molecular weight
is as predicted by eq 1), some control over tacticity, manifested
as an increased fraction of isotactic dyady, (is evident and
the polymerization rate is enhanced vs the similar experiment
to which no scandium triflate was added. These findings are
consistent with RAFT ager& being stable in the presence of
scandium triflate and that the poor control observed ®Ritblate
only to the stability of the initial RAFT agent.
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triad percentage

R 240 260 280 300 320
(o) I I R B A elution time (min)

0 02 04 06 08 Figure 15. GPC traces for PMMA obtained in high conversion
[Sc(OT),1 (M) reversible addition fragmentation chain transfer polymerization of
Figure 13. Triad percentages as a function of scandium triflate Methyl methacrylate (MMA, 7.01 M in benzene) at 6C with
concentration during reversible addition fragmentation chain transfer cyanoisopropyl methyl trithiocarbonat€)((0.106 M) in the absence
polymerization of methyl methacrylate (7.01 M in benzene) at@0 (16 h, 98% conversiony) presence of scandium triflate with [MMA]:
with cyanoisopropyl methyl trithiocarbonat@)((0.106 M) for 20~ [Sc(OTf)] = 34:1 (8 h, 94% conversion; — —), 16:1 (6 h, 86%
30% (— — — —), 40~50% (- - - -), and 85-95% monomer conversion ~ COnversion; - - -) and8.5:1 (4 h, 87% conversior; - — - —).

)

the experiments in the absence of scandium triflate are lower

100 than those predicted by eq 1 (Table 3) and (b) that the rates of
polymerization with RAFT agerti in the absence of scandium
80 . L : L
3 triflate are significantly higher than observed for polymerizations
= with similar concentrations of RAFT agends-5 or 7 (which
S 60 T K .
® are the same within experimental error, Figure 4) are also
2 40l indicative of an additional source of chain initiation and are
] consistent with RAFT ager@ being a source of radicals under
20 the polymerization conditions. Notably degradatior6a$ not
accelerated (and, indeed, appears retarded) by the presence of
ol scandium triflate.
0 5 ] 10(h) 15 20 Thus, cyanoisopropylH-pyrrole-1-carbodithioates] appears
ime

suitable for use in RAFT polymerization in the presence of
Figure 14. Rate of reversible addition fragmentation chain transfer scandium triflate.

olymerization of methyl methacrylate (MMA, 7.01 M in benzene . - . .
gt %/O°C with cyanoisogropyl metrﬁlyl tritﬁliocar’bonaté) ((0.106 M) ) Experlments with Cyan0|sop rqpyl Methyl Trithiocarbon-
in the absence, —) and presence of scandium triflate with ate (7). Tertiary cyanoalky! trithiocarbonates are also able to
[MMA]}/[Sc(OTf)3] = 851 ©, ———), 16:1 @, ----), and 34:1 control MMA polymerization and provide PMMA with a narrow
@—-—--). molecular weight distributio®®3251 Cyanoisopropyl methyl
trithiocarbonate 7) has been used in this work because the
The results show that, even though cumyl dithiobenzd@te ( compound has a simpkél NMR spectrum. It should be noted
is unstable and not appropriate for use in experiments with addedthat the RAFT agent and the derived polymers can become
Lewis acid, The RAFT agent may be used to prepare what might odorous most likely due to the formation of trace amounts of
be considered stereoblock copolymers where the Lewis acid ismethanethiol. This issue can be circumvented by use of a
added after the initialization period during whiéhhas been trithiocarbonate based on a less volatile th#8lor by removal
converted ta8. of the end group postpolymerizatiéf’3
Experiments with Cyanoisopropyl 1H-pyrrole-1-carbo- The data shown in Table 4 and Figure 11 summarize the
dithioate (6). Cyanoisopropyl H-pyrrole-1-carbodithioatet] results of AIBN initiated RAFT polymerization of MMA with
is also known to be an effective RAFT agent for MMA  cyanoisopropyl methyl trithiocarbonaté)(in the presence and
polymerizatiort® The results of RAFT polymerization of MMA  absence of scandium triflate in benzene at°60 Polymers
with 6 in the presence and absence of scandium triflate in formed in the presence of scandium triflate show altered tacticity
benzene at 60C are shown in Table 3 and Figure 9. The effect at high conversion, with the percentage of isotaatier{ and
of added scandium triflate on tacticity is similar to that seen in heterotactic ifwr) triads increasing and syndiotactia ) triads
other RAFT polymerizations. PMMA formed in the presence decreasing. Although molecular weights for low conversion are
of scandium triflate have slightly higher molecular weights and higher than calculated using eq 2 indicatiighas a lower
slightly broader molecular weight distributions and rates of transfer constant than the similar dithiobenzode golymers
polymerization are enhanced with respect to those formed in formed in the presence and absence of scandium triflate appear
the absence of scandium triflate (Figure 4). equally well-defined with the predicted molecular weights and
The stability of the RAFT agent6] was examined byH a narrow molecular weight distribution even at high conversion.
NMR analysis (Figure 10). On heating, new peaks appear in  'H NMR shows that trithiocarbonafis comparatively stable
the region 1.6-1.3 ppm and at 7.55 ppm. However, even after for extended periods when heated in MMA (no initiator) at 60
16 h, the degree of degradation ®fis still small. Moreover, °C with or without scandium triflate (Figure 12). Minimal loss
heating6 in the absence of scandium triflate for 16 h at°@D of the RAFT agent and no PMMA were observed after 16 h.
also causes changes in the spectrum indicating that the RAFTPrevious findings indicated that trithiocarbonates are also more
agent6 is, by itself, unstable at 60C under these conditions.  resistant to hydrolysis than analogous dithiobenzoate RAFT
We have previously observed thats unstable and undergoes agent*55Even though the polydispersities are slightly higher
homolysis during the RAFT polymerization of styrene at than those obtained in control experiments for similar monomer
110°C 35 The findings (a) that molecular weights observed for conversions (Figure 11), the PMMA formed at high conversion
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Table 6.'H and 3C NMR Chemical Shifts (Benzeneds) for Methyl Methacrylate and Cyanoisopropyl Methyl Trithiocarbonate (7) with
Addition of Scandium Triflate 2

chemical shift (ppn?

0.07 mmol 0.013 mmol

substrate assignment no Sc(QsTf) Sc(OTfy change Sc(OTfy change

13C NMR
7 SC(S)C 218.65 218.73 0.07 218.81 0.15
MMA = 167.28 167.90 0.63 168.37 1.10
MMA H ,C=C(CHa) 136.75 136.58 -0.17 136.45 —-0.30
solvent ArC 128.26 128.26 0.00 128.26 0.00
solvent ArC 128.02 128.02 0.00 128.02 0.00
solvent ArC 127.77 127.77 0.00 127.78 0.00
MMA H ,C=C(CHs) 124.99 125.62 0.63 126.09 1.10
7 CN 120.13 120.16 0.03 120.20 0.07
MMA OCH3 51.32 51.71 0.39 52.01 0.69
7 C(CHj3),CCN 42.75 42.74 -0.01 42.74 —-0.01
7 (CH3),CCN 26.64 26.58 —0.06 26.56 —0.08
7 SCH3 19.41 19.41 0.00 19.41 0.01
MMA C=C(CHgy) 18.28 18.20 —-0.08 18.13 -0.16

IH NMR
solvent ArH 7.15 7.15 0.000 7.15 0.000
MMA HC=C 6.02 6.04 0.026 6.06 0.049
MMA HC=C 5.23 5.25 0.025 5.28 0.053
MMA OCHjs 3.40 3.44 0.041 3.48 0.078
7 CHsS 2.18 2.18 —0.002 2.18 0.004
MMA C=CCHg3 1.78 1.78 0.000 1.78 0.002
7 (CH3),CCN 1.38 1.39 0.007 1.40 0.016

aThe H (400 MHz) and3C NMR spectra (125 MHz) of MMA (2.14 mmol) and (0.10 mmol) in benzends (0.6 mL) were recorded. Subsequent
spectra were obtained following addition of scandium triflate (0.07 and 0.131 mmol). Chemical shifts are based on the solvent)eegenances being
unaffected by addition of scandium triflate.

in the presence of scandium triflate and trithiocarboraltes to 1:16 to 1:8.5, conversions of 94, 86, and 87% were obtained
a significantly lower polydispersityMw/M, = 1.12) than that in 8, 6, and 4 h, respectively.
seen with other RAFT agents in the presence of scandium triflate  Increasing the concentration of scandium triflate modifies the
(compare data in Table 1). Therefore, the us& wfas further stereospecificity at the expense of control over molecular weight
examined in the presence of higher concentrations of scandiumand polydispersity (Table 5). Increasing the ratio of scandium
triflate. triflate to MMA from O to 1:34 to 1:16 to 1:8.5 results in the
Effect of Higher Concentrations of Scandium Triflate. molecular weight and polydispersity at high conversion increas-
Most of the experiments presented in this paper have beening from 61 000 and 1.08 to 63 600 and 1.12 to 69 000 and
performed with the minimum concentration of scandium triflate 1.22 to 79 000 and 1.31, respectively, at high conversion (Figure
required to see a discernible change in stereochemical outcomel5). Broader polydispersity might indicate some instability of
at high monomer conversion. This ratio of scandium triflate to the RAFT agent with higher concentrations of Lewis acid.
MMA (~1:34, 0.2 M Sc(OTH) has little effect on the However, a broader molecular weight distribution may also be
stereochemistry of the polymer formed at low conversion. This a consequence of a faster propagation rate and more monomer

finding is in accord with the findings of Isobe et *l. units being added to the chain during each activation cycle.
Experiments performed with higher scandium triflate to MMA NMR Study of Interaction with Lewis Acid. The interaction
ratios are summarized in Table 5. of scandium triflate with cyanoisopropyl methyl trithiocarbonate

Increasing the concentration of scandium triflate results in (7) and MMA monomer in benzendswas studied by botfH
larger changes in tacticity (Table 5, Figure 13). A predominantly and*3C NMR. A summary of the assignments and the chemical
syndiotactic polymer is obtained in the absence of scandium shifts observed is provided in Table 6. The concentration of
triflate with mm:mr:rr = 4:33:63. The fraction of isotactic triads ~ scandium triflate used was similar to that used by Isobe ¥t al.
increases progressively as the ratio of scandium triflate to MMA Note that the ratio of scandium triflate Tois ~20 times lower
increases and as monomer conversion increases,mvithmr: in these experiments than in the polymerizations reported above.
rr rising to 12:44:44 for a ratio of 1:8.5 at high conversion. The largest change in chemical shift was observed for the
Isobe et ak’ have shown (for a conventional radical polymer- carbonyl @¢1.10 ppm), methylene{1.10 ppm), and the
ization) that further increasing the ratio of scandium triflate to methoxy carbon {£0.69 ppm) and the associated protons
MMA to 1:3 in toluene results in a polymer witmm:mr:rr = (+0.078 ppm) of MMA. A much smaller change was observed
21:48:31. These results suggest that a process in which monomefor the o-methyl carbon of MMA (-0.16 ppm). Isobe et &f.
is fed slowly to a polymerization mixture so as to maintain a observed that scandium triflate caused changes in chemical shift
high ratio of scandium triflate to MMA would provide a polymer  of a similar magnitude with CD@las the solvent.
with a higher fraction of isotactic triads. Such experiments are  Comparatively, small changes in chemical shift were observed
planned. for the —(CH3),CCN carbons+{0.08 ppm) and protonsH0.016

A 1:34 ratio of scandium triflate to MMA (0.2 M) signifi- ppm), the—(CHjz),CCN carbons (0.07 ppm) and the thiocar-
cantly increases the rate of polymerization (Figure 4). Further bonyl (—SC(S)S-) carbon (+0.15 ppm) of7. The relatively
increasing of the scandium triflate concentration, increases thesmall shifts for signals of cyanoisopropyl methyl trithiocarbonate
rate of polymerization further (Figure 14). Without scandium (7) compared with the large shifts observed for signals from
triflate, it takes 16 h to obtain almost complete (98%) conver- MMA is indicative of stronger interactions between the scan-
sion. By increasing the ratio of scandium to MMA from 1:34 dium triflate and MMA than between scandium triflate ahd
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Conclusions
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(21) Ray, B.; Isobe, Y.; Matsumoto, K.; Habaue, S.; Okamoto, Y.;
Kamigaito, M.; Sawamoto, MMlacromolecule®004 37, 1702-1710.

Stability of the RAFT agent in the presence of scandium (22) Ray, B.; Okamoto, Y.: Kamigaito, N.; Sawamoto, M.; Seno, K.

triflate is the key to successfully synthesizing well-defined
PMMA with Lewis acid-induced tacticity control. We have
shown that both cumyl3) and cyanoisopropy! dithiobenzoates

(4) degrade in the presence of scandium triflate and are therefore ,
unsuitable chain transfer agents for use in RAFT polymerization

Kanaoka, S.; Aoshima, $olym. J.2005 37, 234-237.
(23) Mori, H.; Sutoh, K.; Endo, TMacromolecule2005 38, 9055-9065.
(24) Lutz, J.-F.; Neugebauer, D.; Matyjaszewski, K.Am. Chem. Soc.
2003 125, 6986-6993.
) Kirci, B.; Lutz, J. F.; Matyjaszewski, KMacromolecule002 35,
2448-2451.

when scandium triflate is present. The RAFT agents, 2-(ethoxy- (26) Lutz, J.-F.; Kirci, B.; Matyjaszewski, KMacromolecule2003 36,

carbonyl)prop-2-yl dithiobenzoate5), cyanoisopropyl H-
pyrrole-1-carbodithioates], and cyanoisopropyl methyl trithio-
carbonate 1), and the derived polymeric RAFT agent8) (

3136-3145.

(27) Denizli, B. K.; Lutz, J. F.; Okrasa, L.; Pakula, T.; Guner, A;
Matyjaszewski, K.J. Polym. Sci., Part A: Polym. Cher005 43,
3440-3446.

appear relatively stable in the presence of scandium triflate. (28) Li, A. L.; Wang, Y.; Liang, H.; Lu, JJ. Polym. Sci., Part A: Polym.

Whether RAFT polymerization can be carried out successfully
with 3 or 4 depends on the rate of conversion of these RAFT (29)

agents to a polymeric RAFT ager8)( This rate is relatively
slow during MMA polymerization at 60C but can be rapid in

other polymerizations (e.g., in polymerization of acrylamides).

RAFT polymerization of MMA in the presence of scandium
triflate with cyanoisopropyl methyl trithiocarbonaté) (@s the

RAFT agent produces polymers with controlled molecular

weights and narrow molecular weight distributions with tacticity

control imposed by the Lewis acid. Increasing the ratio of

scandium triflate to MMA produces a more isotactic polymer

at the expense of poorer control over the molecular weight and

molecular weight distribution. For RAFT polymerizations with
RAFT agents4—8, the addition of a Lewis acid also provides
a substantial enhancement in the rate of polymerization.
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