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ABSTRACT: The effect of Lewis acids (AlCl3 and Sc(OTf)3) on the reactivity ratios for (meth)acrylate/
1-hexene andmethacrylate/norbornene radical copolymerizationswas investigated. The reactivity ratio r1 for
both methyl acrylate and methyl methacrylate decreases in the presence of Lewis acids; 1-alkene reactivity
ratio r2 is close to zero. The substantial decrease in r1 values and an increased polymerization rate demonstrate
that Lewis acids promote (meth)acrylate cross-propagation significantly more than self-propagation,
especially for methyl acrylate. The alkenes do not undergo self-propagation under our conditions.
Furthermore, due to (a) enhanced binding of the Lewis acid to the carbonyl group on the monomer
compared to those on the polymer and (b) the facile exchange of the Lewis acid between themonomer and the
polymer, only a catalytic amount to Lewis acid is required to strongly influence alkene uptake and
copolymerization rate.

Introduction

The copolymers of polar vinyl monomers, such as methacry-
lates and acrylates, with simple 1-alkenes with predictable com-
positions and architectures are of great interest because the
combination of these two classes of monomers can significantly
enhance the currently attainable polymer properties. However,
because of the wide disparity between the respective reactivity
ratios, random (meth)acrylate-rich copolymers in relatively low
yields are typically obtained by free radical copolymerization of
the two. We have recently reported the free radical copolymer-
ization of acrylates with simple 1-alkenes in the presence of either
Lewis or Brønsted acids can lead to both a significant increase in
the polymerization rate and nonpolar alkene incorporation.1-4

The qualitative explanation is that Lewis acids can coordinate
with the carbonyl group of the (meth)acrylate monomer and
reduce the electron density of the conjugated double bond,
thereby (a) increasing the reactivity of the (meth)acrylate radical
and (b) making the now electrophilic radical more susceptible to
attackby the relatively electron richnonpolar alkene.Conversely,
the propagating radical derived from 1-alkene is relatively
nucleophilic and has a higher propensity toward addition to the
more electrophilic Lewis acid-coordinated (meth)acrylate mono-
mer. In the extreme, as discussed below, an alternating copolymer
is formed.

For radical copolymerizations, the copolymer composition is
governed by the reactivity ratios of the two monomers. The
monomer reactivity ratios, r1 and r2, are the ratios of the rate
constants for the different propagation reactions, as shownbelow
(in this paper, M1 = (meth)acrylate; M2 = 1-alkene).

∼M1
• þM1fM1M1

• k11
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Since the copolymer composition is different depending on
the absence and presence of Lewis acids, it is clear that
the latter have a significant influence on the reactivity ratios.
To date, many Lewis acids have been used in radical copolymer-
izations;1-13 however, quantitative data on their effect on mono-
mer reactivity ratios is lacking. Herein, we describe the influence
of Lewis acids on the monomer reactivity ratios for (meth)
acrylates/nonpolar alkene copolymerizations. The r1 and r2
values have been calculated in accordance with the Kelen-
Tudos14 equation and nonlinear least-squares15,16 (NLLS) meth-
od. We have also examined the kinetics of the copolymerization
reactions. The results indicate that Lewis acids significantly
increase the cross-propagation rate (k12) compared to self-
propagation (k11), resulting in a large decrease in the reactivity
ratio (r1) for (meth)acrylates.

In order to understand why only a catalytic amount of Lewis
acid is sufficient to strongly influence the copolymerization
reactions,1-4,17-19 we also closely examined the interaction of
Lewis acids with both the methacrylate monomer and the
polymer and found that the Lewis acid interaction with the
carbonyl group of the monomer is significantly stronger than
that with the polymer. Furthermore, there is a fast exchange of
the Lewis acid between the carbonyl groups of the polymer and
that in the monomer.

Results and Discussion

1. Effect of Lewis Acid on Monomer Reactivity Ratios in
Methyl Methacrylate/Nonpolar Alkene Copolymerization.
The effect of adding increasing amounts of the Lewis acid,
AlCl3, on methyl methacrylate (MMA)/1-hexene copoly-
merization for different monomer feed ratios is graphically
illustrated in Figure 1. Some of the data is also summarized
in Table 1. There is a clear trend toward increasing incor-
poration of 1-hexene (as determined by 1H NMR spectro-
scopy) with increasing amount of Lewis acid present,
especially at low MMA/1-hexene feed ratios. For example,
withoutAlCl3, when theMMAmol fraction in the feed is 0.1,
1-hexene incorporation in copolymer is less than 15 mol %.
Simply by adding 0.1 equiv. of AlCl3 relative to MMA,*Corresponding author. E-mail: asen@psu.edu.
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1-hexene incorporation increased to over 30 mol %. For the
experiments with only 10mol%MMA in themonomer feed,
Et3N (20 mg) was added to inhibit cationic polymerization
initiated by AlCl3. In the absence of the base, low molecular
weight poly(1-hexene) (Mn ∼ 1500) was formed and GPC
traces showed bimodal distributions. Tomaintain themono-
mer feed ratio over the course of the polymerization, all of
the reactions were terminated before MMA conversion
reached 8%. The copolymer compositions were determined
from 1H NMR integration of the methoxy protons (at 3.6
ppm) versus all the aliphatic resonances (0.5-2.2 ppm). The
polymers obtained were random copolymers. There are
MMA-MMA dyads and MMA-hexene dyads in the poly-
mer chain, but no hexene-hexene dyads.20 The detailed
elucidation of polymer microstructure is discussed in
subsection 5.

Using the data from Figure 1, the monomer reactivity
ratios forMMAand 1-hexenewere calculated by theKelen-
Tudos equation and NLLS method and shown in Table 2.
The r1 value clearly decreases with increasing amount of
added Lewis acid. Since both k11 and k12 are enhanced in the
presence of AlCl3, the increase in k12 must be significantly
larger than in k11; i.e. the Lewis acid is more effective in
promoting cross-propagations (see subsection 2). The calcu-
lated r2 values are negative using theKelen-Tudos equation.
These values donot have a physicalmeaning, only suggesting
that the real value of r2 is near zero. This is consistentwith the
observed absence of sequential alkene units in the copolymer
backbone.

Figure 2 presents the data on free radical copolymeriza-
tion of MMA with norbornene at different comonomer and
Lewis acid feed ratios. Again, the copolymerizations were

Table 1. Selected Data of Methyl Methacrylate (MMA)/1-Hexene Copolymerizationa

entry
AlCl3/MMA
molar ratio

M1 (MMA mol
fraction in monomer)

m1 (MMA mol
fraction in polymer) MMA (% convn) Mn

b (�10-4) PDIb (Mw/Mn)

1 0.1 0.10 0.70 3.45 3.2 1.3
2 0.1 0.25 0.81 3.39 4.1 1.3
3 0.1 0.40 0.89 6.32 4.6 1.4
4 0.1 0.55 0.90 3.43 4.4 1.4
5 0.1 0.70 0.96 2.50 4.2 1.3
6 0.1 0.85 0.98 1.41 3.9 1.3
7 0.2 0.10 0.66 4.56 3.7 1.4
8 0.2 0.25 0.77 4.72 4.9 1.4
9 0.2 0.40 0.83 2.75 4.5 1.3
10 0.2 0.55 0.89 3.84 5.2 1.4
11 0.2 0.70 0.92 1.34 4.6 1.3
12 0.2 0.85 0.96 1.67 4.3 1.3
aConditions:MMA, 0.3 g; 2,20-azobis(isobutyronitrile), 0.005 g; toluene, 5mL;AlCl3, 0.04 g (0.1 equiv. toMMA), 0.08 g (0.2 equiv. toMMA), 60 �C.

For the experiments when M1 = 0.1 in the presence of AlCl3, Et3N (20 mg) was added to inhibit cationic polymerization. bBy GPC relative to
polystyrene standards. Mn is number-average molecular weight, Mw is weight-average molecular weight and PDI (polydispersity index) = Mw/Mn.

Figure 1. Copolymer compositionversusmonomer feed ratio inmethyl
methacrylate (MMA)/1-hexene copolymerization. Conditions: MMA,
0.3 g; 2,20-azobis(isobutyronitrile), 0.005 g; toluene, 5 mL; AlCl3, 0.04 g
(0.1 equiv. to MMA), 0.08 g (0.2 equiv. to MMA), 0.2 g (0.5 equiv. to
MMA), 60 �C. For the experiments when M1 = 0.1 in the presence of
AlCl3, Et3N (20 mg) was added to inhibit cationic polymerization.

Table 2. Reactivity Ratios (r1, and r2) for Methyl Methacrylate (MMA)/1-Hexene Copolymerization with and without AlCl3
a

Kelen-Tudosb nonlinear least-squares (NLLS)b

entry AlCl3/MMA molar ratio r1(MMA) r2(1-hexene) r1 (MMA) r2(1-hexene)

1 0 88.5( 2.9 -0.1( 0.1 54.04( 0.01 0.00( 0.00
2 0.1 11.2( 1.8 -0.2( 0.2 10.37 ( 0.01 0.00( 0.01
3 0.2 3.1( 1.7 -0.2( 0.2 6.41( 0.02 0.02( 0.01
aConditions:MMA, 0.3 g; 2,20-azobis(isobutyronitrile), 0.005 g; toluene, 5mL;AlCl3, 0.04 g (0.1 equiv. toMMA), 0.08 g (0.2 equiv. toMMA), 60 �C.

bConfidence level 95%.

Figure 2. Copolymer composition versusmonomer feed ratio inmethyl
methacrylate (MMA)/norbornene copolymerization. Conditions:
MMA, 0.3 g; 2,20-azobis(isobutyronitrile), 0.005 g; toluene, 5 mL;
AlCl3, 0.04 g (0.1 equiv. to MMA), 0.08 g (0.2 equiv. to MMA); 60 �C.



Article Macromolecules, Vol. 42, No. 12, 2009 3953

stopped before MMA conversion reaches 8%. The trend
observed is very similar to that for MMA/1-hexene copoly-
merizations. The corresponding reactivity ratios are given in
Table 3 and are again consistent with that observed for
MMA/1-hexene copolymerizations.

2. Methyl Methacrylate Homopolymerization and
MMA/Alkene Copolymerization Kinetics. Table 4 sum-
marizes the apparent polymerization rates (kp) for a series
of MMA homo and copolymerizations. The values of kp
were obtained from linear plots of ln([MMA]0/[MMA])
versus time. In all cases, kp increases with increasing amount
of added Lewis acid. Further, the enhancement in kp is lar-
ger in the copolymerization reactions. This observation,
together with the decrease in r1 in the presence of a Lewis
acid (Tables 2 and 3) clearly indicates that Lewis acid
promotes cross-propagation (k12) more than MMA self-
propagation (k11).

3. NMR Study of the Interaction of Methacrylate Mono-
mer and Polymer with Lewis Acids. In order to understand
why a substoichiometric (i.e., catalytic) amount of Lewis
acid is sufficient to strongly influence the copolymerization
reactions, we examined the interaction of Lewis acids with
both MMA and the corresponding polymer PMMA. As
shown in Figure 3, the addition of AlCl3 to a solution of
MMA resulted in a gradual downfield shift in the carbonyl
group in the 13C NMR spectrum until AlCl3/MMA ratio
reaches 1. At that point, all the MMA carbonyl groups are
expected to be bonded to AlCl3. Cooling a solution in which
the AlCl3/MMA ratio is∼0.5 to-90 �C did not result in the
observation of separate resonances for free andAlCl3-bound
carbonyl groups suggesting an extremely fast exchange rate
between the two.

We also observed a pronounced preference for Lewis acids
to coordinate to the carbonyl group of the monomer MMA
over those in a polymer (see Table 5). Thus, we hypothesize a

facile Lewis acid exchange between MMA units in the
polymer and monomeric MMA as shown below (Scheme 1),
consistent with the large effect of Lewis acids even when
added in catalytic amounts.

As proposed above, the enhancement of k12 is due to
increased electrophilicity of the Lewis acid-coordinated
(meth)acrylate radical which then becomes more suscep-
tible to attack by the relatively electron rich nonpolar alkene.
This requires the Lewis acid to remain bound to the (meth)
acrylate radical during the next monomer addition. While
the relative binding of AlCl3 to the (meth)acrylate radical of
the growing polymer chain could not be determined experi-
mentally, it is likely that the strength of the interaction of the
Lewis acid with the ester carbonyl group will increase in the
following order, although NMR experiments suggest that all
three species are likely to be in rapid equilibrium with each
other:

The coordination of the Lewis acid to the carbonyl group
results in an incipient positive charge on the corresponding
sp2-hybridized carbon, which is stabilized by the π-electron(s)
on the neighboring sp2-hybridized carbon atoms; the stabili-
zation is somewhat less in the acrylate radical compared to
that in the monomer because the former has 1 π-electron
instead of 2.21,22

4. Effect of Lewis Acid on Monomer Reactivity Ratios in
Methyl Acrylate (MA)/Alkene Copolymerization. As with
copolymerizations involving MMA, we observed enhanced
polymerization rate1 and enhanced alkene incorporation in
the copolymerization ofMAwith 1-hexene in the presence of

Table 3. Reactivity Ratios (r1, and r2) of Methyl Methacrylate (MMA)/Norbornene Copolymerization with and without AlCl3
a

Kelen-Tudosb nonlinear least-squares (NLLS)b

entry AlCl3/MMA molar ratio r1(MMA) r2(norbornene) r1(MMA) r2(norbornene)

1 0 35.1 ( 3.4 -0.1( 0.1 39.83 ( 0.02 0.00( 0.01
2 0.1 5.4( 1.4 -0.3 ( 0.3 9.72( 0.05 0.00( 0.02
3 0.2 2.0( 0.7 -0.4( 0.4 4.77( 0.07 0.00( 0.02
aConditions:MMA, 0.3 g; 2,20-azobis(isobutyronitrile), 0.005 g; toluene, 5mL;AlCl3, 0.04 g (0.1 equiv. toMMA), 0.08 g (0.2 equiv. toMMA); 60 �C.

bConfidence level 95%.

Table 4. Apparent (Co)Polymerization Rates for Methyl Methacry-
late (MMA) in the Absence and Presence of AlCl3

a

entry
AlCl3/MMA
molar ratio alkene kp(MMA) (min-1)

1 0 none 0.00117
2 0.1 none 0.00127
3 0.2 none 0.00140
4 0.5 none 0.00184
5 0 1-hexene 0.00110
6 0.1 1-hexene 0.00186
7 0.2 1-hexene 0.00278
8 0.5 1-hexene 0.00356
9 0 norbornene 0.00252
10 0.1 norbornene 0.00322
11 0.2 norbornene 0.00339
aConditions: MMA, 0.3 g; 1-hexene, 0.44 g; norbornene, 0.28 g; 2,

20-azobis(isobutyronitrile), 0.005 g; toluene, 5 mL; tetrachloroethane,
0.05 g (internal standard); AlCl3, 0.04 g (0.1 equiv. to MMA), 0.08 g
(0.2 equiv. toMMA), 0.2 g (0.5 equiv. toMMA); 60 �C; 4 h (copolymer-
ization), 2 h (homopolymerization).

Figure 3. Change in 13C NMR chemical shift (CDCl3, 50 �C) of the
carbonyl carbon of methyl methacrylate (MMA) versus AlCl3/MMA
molar ratio. 13C NMR chemical shift in the absence of AlCl3, 167.3
ppm.
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Lewis acids (Figure 4 and Table 6). Two Lewis acids, AlCl3
and Sc(OTf)3, were employed. For the latter, due to poor
solubility in toluene, 1,2-dichlorobenzene was used as
solvent. The copolymer compositions were determined from
1H NMR integration of the methoxy protons versus all the
aliphatic resonances. The copolymer microstructures were
determined by NMR spectroscopy (see subsection 5). The
copolymers synthesized with AlCl3 are nearly alternating
when M1 < 0.70; with the predominant presence of MA-
hexene dyads.23 The nearly alternating nature of the copo-
lymer obtained is also consistent with both r1 and r2 values
being near-zero (see Table 6). For both Lewis acids, the MA
cross-propagation (k12) is clearly promoted much more so
than MA self-propagation (k11).

5. Elucidation of Copolymer Microstructures. Figure 5
shows typical GPC traces for MMA/1-hexene copolymers.
The complete overlap of the traces using the refractive index
(RI) and ultraviolet (UV, 254 nm) detectors suggests that
the materials obtained are true copolymers rather than a
mixtures of homopolymers. Note that the UV detector is

specifically sensitive to the carbonyl groups present in the
copolymers. A similar overlap between the GPC traces
obtained using RI and UV detectors was observed for the
MA/1-hexene copolymers synthesized.

TheMMA/1-hexene copolymer structureswere studied by
1H, 13C and 13C DEPT135 NMR spectroscopy (Figure 6).
Three polymer samples from Figure 1 and a pure homo-
polymer PMMA sample were compared: (a) M1 (MMA
mole fraction in monomer feed) = 0.1, m1 (MMA mole
fraction in polymer) = 0.62, AlCl3 = 0.5 equiv. to MMA;
(b) M1 = 0.1, m1 = 0.70, AlCl3 = 0.1 equiv. to MMA; (c)
M1 = 0.1,m1 = 0.89, AlCl3 = 0; (d) pure PMMA. Samples
a, b, and cwere synthesizedwith the sameMMA/hexene feed
ratio but different amounts of AlCl3. By increasing the Lewis
acid amount from zero (sample c), 0.1 equiv. relative to
MMA (sample b) to 0.5 equiv. relative to MMA (sample a),
1-hexene incorporation increased from 11%, 30% to 38%
(determined from 1HNMR spectra). 13C NMR spectra sup-
port copolymer formation. The Ca* resonance at 55 ppm is
attributable to MMA-MMA dyads and is prominent in
samples c and d. On the other hand, resonance at 43 ppmdue
to hexene-hexene dyads (observed in poly(1-hexene)20) is
absent from the spectra of all the samples. The presence
of MMA-hexene dyads results in a broad resonance at
47 ppm, and its intensity increase with increasing hexene
content in the copolymer. Thus, the copolymers contain
MMA-MMA and MMA-hexene dyads but not the
hexene-hexene dyad.

The structures of MA/1-hexene copolymers were also
analyzed by NMR spectroscopy. Figure 7 shows the 1H,
13C and 13C DETP135 NMR spectra of two copolymers
from Figure 4, as well as the homopolymer PMA. Sample a
has a MA molar fraction of 51% and is essentially an
alternating copolymer.23 Resonances for neither MA-MA
dyads at 35 ppm nor hexene-hexene dyads at 43 ppm are
observed. On the other hand, the presence of MA-hexene
dyads is signaled by the resonance at 37.5 ppm. In sample b,
with MA molar fraction of 85%, the presence of MA-MA
dyads results in Ca* appearing at 35 ppm. At the same
time, the resonance at 37.5 ppm due to MA-hexene dyads

Scheme 1

Figure 4. Copolymer compositionversusmonomer feed ratio inmethyl
acrylate (MA)/1-hexene copolymerization. Conditions: MA, 0.3 g;
2,20-azobis(isobutyronitrile), 0.005 g; toluene, 5 mL; AlCl3, 0.04 g
(0.1 equiv. to MA); 60 �C.

Table 5. Shift in
13
C-NMR Carbonyl Resonances of Poly(methyl methacrylate) (PMMA) and Methyl Methacrylate (MMA) in the Presence of

Lewis Acidsa

PMMA/MMA/TiCl4 molar ratio = 1/1/0.5 PMMA/MMA/AlCl3 molar ratio = 1/1/0.5

PMMA MMA PMMA MMA

shift in 13C NMR carbonyl resonance (Δ ppm) 1.09 3.80 0.60 3.12
aConditions:MMA, 0.05 g; PMMA, 0.05 g; TiCl4, 0.047 g; AlCl3, 0.033 g; 25 �C; CDCl3.

13CNMR chemical shift in the absence of Lewis acid: 167.3
ppm (MMA), 177.8 ppm (PMMA).
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becomes less intense. Again, the resonance from hexene-
hexene dyads at 43 ppm is not observed Thus sample b
contains MA-MA and MA-hexene dyads but not the
hexene-hexene dyad.

Conclusions

The effect of Lewis acids on the reactivity ratios for (meth)
acrylate/nonpolar alkene radical copolymerizations was investi-
gated. The reactivity ratio r1 for bothMAandMMAdecreases in
the presence of Lewis acids; 1-alkene reactivity ratio r2 is close
to zero. The substantial decrease in r1 values and an increased
polymerization rate demonstrate that Lewis acids promote
(meth)acrylate cross-propagation (k12) significantly more than
self-propagation (k11), especially for MA. The alkenes do not
undergo self-propagation under our conditions. Furthermore,
due to (a) enhanced binding of the Lewis acid to the carbo-
nyl group on the monomer compared to those on the polymer
and (b) the facile exchange of the Lewis acid between the
monomer and the polymer, only a catalytic amount to Lewis
acid is required to strongly influence alkene uptake and copoly-
merization rate.

Consistent with an r2 value of zero, hexene and norbornene do
not undergo self-propagation under our conditions. This limits
the highest incorporationof these and related nonpolar alkenes in
the copolymers with (meth)acrylates to 50 mol %. At the other
extreme, Brookhart, Drent, and others have shown that metal-
catalyzed insertion polymerization of alkenes with acrylates (but
not methacrylates) can lead to copolymers with alkene content of
100-85 mol %.24-28 This leaves a “35 mol % gap” in the
compositions that are not readily accessible through the copoly-
merization of acrylates with alkenes.29 The composition gap is
even higher for methacrylates since they do not participate in
metal-catalyzed insertion polymerizations due to rapid β-hydro-
gen elimination following insertion.30-32

Experimental Section

Materials. All chemicals and reagents were obtained from
Aldrich unless otherwise stated. Methyl acrylate (MA, 99%),

methyl methacrylate (MMA, 99%) and 1-hexene (97%) were
passed through basic alumina column to remove the inhibitor
and impurities, then degassed and stored under N2. Tetrachlor-
oethane, norbornene (99%) and triethylamine (Et3N, 99.5%)
were degassed and stored under N2. 2,2

0-Azobis(isobutyroni-
trile) (AIBN, 98%), titanium chloride (TiCl4, 99.9%), alumi-
num chloride (AlCl3, anhydrous, 99.99%, Strem Chemicals),
and scandium(III) trifluoromethanesulfonate (Sc(OTf)3, Alfa
Aesar, 98%) were used as received.

Instrumentation.NMR spectra were recorded using a Bruker
300-DPX spectrometer at ambient temperature (1H NMR, 300
MHz; 13C NMR, 75 MHz). Chemical shifts are referenced to
CDCl3. Gas chromatography analysis was performed on an
Agilent 5890 Series II GC using a RTX-5 split capillary column
(Restek) connected to anFIDdetector. The sampleswere heated
from 40 to 100 �C at a ramp rate of 5 �C/min.Molecular weights
and molecular weight distributions were determined on a Shi-
madzu gel permeation chromatography (GPC) chromatograph
containing a three-column bed (Styragel HR 7.8 � 300 mm
columns with 5 μm beads size; 100-5000, 500-30000, and 2000
to 4� 106Da), a ShimadzuRDI-10A differential refractometer,
and a Shimadzu SPD-10A tunable absorbance detector (254
nm). GPC samples were run in tetrahydrofuran at a flow rate of
1mL/min at 35 �Cand calibrated against polystyrene standards.
Analysis was done using EZSTART 7.2 software.

Copolymerization of (Meth)Acrylate withNonpolar Alkene. In
a typical experiment, in a N2-filled glovebox, AIBN (0.005 g,
0.03 mmol), MMA (0.3 g, 3 mmol), AlCl3 (0.04 g, 0.3 mmol),
1-hexene (2.27 g, 27 mmol) and toluene (5 mL) were added into
a 20 mL scintillation vial. The vial was sealed, removed from
glovebox. Then the reaction mixture was allowed to stir in a
60 �C oil bath for a certain amount of time until it reaches
desired monomer conversion (<8%). The resulting polymer
was precipitated in 200 mL of methanol and collected by
centrifugation, then dissolved in dichloromethane and precipi-
tated again in methanol to remove impurities. The product was
finally dried under high vacuum overnight. The copolymer
composition was determined from 1H NMR integration of the
methoxy protons versus all the aliphatic resonances. Other
copolymerization reactions were conducted similarly by varying
the feed of 1-hexene or norbornene, while keeping MMA feed
constant.

Kinetic Study of Methacrylate Homopolymerization in the

Presence of Lewis Acids. In a N2-filled glovebox, MMA (0.3 g,
3 mmol), AIBN (0.005 g, 0.03 mmol), AlCl3 (0.04 g, 0.3 mmol),
toluene (5 mL), and tetrachloroethane (0.05 g, 0.3 mmol) as
internal standard were added into a reaction vessel equipped
with amagnetic stirring bar. The reaction was stirred in 60 �Coil
bath for 2 h. GC samples were taken every 1/2 h to determine
MMA conversion.

Kinetic study ofMethacrylate/Alkene Copolymerization in the
Presence of Lewis Acids. In a N2-filled glovebox, a reaction
vessel equipped with a stirring bar was charged with MMA
(0.3 g, 3 mmol), 1-hexene (0.44 g, 5 mmol), AIBN (0.005 g,
0.03 mmol), AlCl3 (0.04 g, 0.3 mmol), toluene (5 mL), and
tetrachloroethane (0.05 g, 0.3 mmol). The reaction vessel was
sealed and stirred in 60 �C oil bath for 4 h. GC samples were
taken at a regular interval to determine MMA and hexene
conversions.

Figure 5. GPC traces for methyl methacrylate (MMA)/1-hexene copo-
lymer usingRI (black) andUV (blue) detectors (λ=254 nm). Sample is
from entry 7, Table 1.

Table 6. Reactivity Ratios for Methyl Acrylate (MA)/1-Hexene Copolymerization in the Presence of Lewis Acids
a

Kelen-Tudosd nonlinear least-squares (NLLS)d

entry Lewis acid LA/MA molar ratio r1(MA) r2(1-hexene) r1(MA) r2(1-hexene)

1b none 0 3.9 ( 1.3 -0.3( 0.2 9.56 ( 0.06 0.00( 0.02
2b AlCl3 0.1 0.2( 0.6 0.0( 0.3 0.35( 0.02 0.00( 0.01
3c none 0 4.7( 0.7 -0.3( 0.2 7.60( 0.01 0.00( 0.00
4c Sc(OTf)3 0.1 1.5( 0.6 -0.2( 0.2 2.73( 0.02 0.00( 0.01
aConditions: MA, 0.3 g; 2,20-azobis(isobutyronitrile), 0.005 g; 60 �C. bToluene, 5 mL. c 1,2-Dichlorobenzene, 5 mL. dConfidence level 95%.
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Figure 7.
1H, 13C, and 13C DEPT135 NMR spectra of poly(methyl acrylate) (PMA) and methyl acrylate (MA)/1-hexene copolymers in CDCl3.

Samples were taken from Figure 4. Key: (a)M1 = 0.1,m1 = 0.51, AlCl3 = 0.1 equiv. relative to MA; (b)M1 = 0.85,m1 = 0.85, AlCl3 = 0.1 equiv.
relative to MA; (c) commercial PMA, 40 wt % in toluene.

Figure 6.
1H, 13C, and 13CDEPT135NMR spectra of poly(methyl methacrylate) (PMMA) andmethyl methacrylate (MMA)/1-hexene copolymers in

CDCl3. Key: (a)M1= 0.1,m1= 0.62, AlCl3= 0.5 equiv. relative toMMA; (b)M1= 0.1,m1= 0.70, AlCl3= 0.1 equiv. relative toMMA; (c)M1=
0.1, m1 = 0.89, AlCl3 = 0; (d) commercial PMMA.
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