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ABSTRACT: The anionic polymerization of methyl methacrylate in toluene in the presence of tetraalkyl-
ammonium—trialkylaluminum 1:2-complexes, NR4+*[AlLR'¢X]~, has living and controlled character up to
—20 °C. Quantitative monomer conversions are usually reached within a few minutes. The resulting
polymers have narrow molecular weight distributions (1.05 < M/M, < 1.20) and are highly syndiotactic
(rr = 0.75). Kinetic studies show that the mechanism of the polymerization is rather complex, implying
an equilibrium between three active species of different reactivities.

Introduction

Recently, we elucidated the anionic polymerization of
methyl methacrylate (MMA) with lithiated initiators in
the presence of aluminum alkyls in toluene. The
polymerization was shown to have living character, but
it deviates from conventional first-order Kinetics, and
the polymers have fairly broad molecular weight dis-
tributions (My/M,, > 1.5).1 On the basis of 13C NMR
measurements? and ab initio (density functional theory)
guantum-chemical calculations,3* the structure of the
active species is considered to be an ester enol alumi-
nate, 1la, which is in equilibrium with a less reactive
dimeric associate, 1b (Scheme 1).

The poor control of the polymerization was found to
result from the formation and precipitation of a coor-
dinative polymer network, in which in-chain ester
carbonyl groups are coordinated to the lithium gegenion
of the living chain end.> The network formation could
be suppressed by adding Lewis bases, e.g., esters or
crown ethers, and then we obtained linear first-order
time—conversion plots and PMMAs with narrow mo-
lecular weight distributions (My/M, < 1.3) up to 0 °C.3

In a different approach to prevent the network forma-
tion, we aimed at the exchange of the lithium ion by a
less electropositive cation, e.g., a tetraalkylammonium
ion. Usually, tetraalkylammonium halides (NR4X) hardly
dissolve in toluene, but according to Ziegler et al.,® they
give hydrocarbon-soluble complexes with aluminum
alkyls (AIR'3), NRs[AILR'snX]™ (n = 1, 2). In the
complex with n = 2 the halogen forms a bridge between
the two Al atoms.” When we used ethyl a-lithioisobu-
tyrate (EiBLi) in the presence of these complexes as
initiator for the polymerization of MMA in toluene at 0
°C, we quickly reached quantitative monomer conver-
sions and polymers with unimodal and narrow molec-
ular weight distributions (My/M, = 1.1).8° In the
absence of the aluminum alkyl, however, the polymer-
ization has no controlled character at all.’® These
results suggest that tetraalkylammonium halide—
aluminum alkyl complexes support a living and con-
trolled polymerization of MMA in toluene.

At this point, we describe the effect of tetraalkylam-
monium halide—aluminum alkyl complexes, especially
that of the 1:2-complex NBu4*[Al;EtsBr]~, on the po-
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lymerization kinetics of MMA and on the molecular
weight distributions and tacticities of the resulting
polymers.

Experimental Section

Reagents. Ethyl a-lithioisobutyrate (EiBLi) was prepared
according to the method of Lochmann and Lim.!* Triethyla-
luminum (AIEt;) was purchased from Aldrich as a 25 wt %
solution in toluene and used as received. Tetraalkylammo-
nium halides (NMe4Cl, NEt,Cl, NBu,Cl, NBusBr, and NBuyl)
were purchased from Aldrich and freeze-dried from benzene.
Methyl methacrylate (MMA, BASF AG) was fractionated from
CaH; over a 1 m column filled with Sulzer packing at 45 mbar,
stirred over CaH,, degassed, and distilled in a high vacuum.
Toluene (BASF AG) was fractionated over a 1.5 m column,
stirred twice over Na/K alloy, degassed, and distilled in a high
vacuum. Octane (Aldrich) as internal standard for GC was
stirred over Na/K alloy, degassed, and distilled in a high
vacuum.

Kinetics. All experiments were carried out in a stirred
tank reactor under nitrogen atmosphere. The initiator was
prepared by adding ethyl o-lithioisobutyrate to a solution of
the tetraalkylammonium halide—aluminum alkyl complex in
toluene at the later polymerization temperature. The solution
was stirred for 5 min, and then the monomer was added. The
polymerization was quenched with methanol, and monomer
conversion was determined with GC using octane as internal
standard. After evaporation of the solvent, the polymer was
dissolved in benzene, filtered, and freeze-dried.

GPC. GPC was performed using THF as the eluent at a
flow rate of 1 mL/min. Detectors: 2 x JASCO—UVIDEC 100
111 with variable wavelength and Bischoff RI detector 8110,
column set: 2 x 60 cm, 54 PSS SDV gel, 100 A and linear,
102—-10° A. PMMA standards were used for calibration.

NMR. H NMR spectra of the polymers were recorded with
a Bruker AM-400 spectrometer at room temperature in CDCls.
The o-CHj3 signals were used for the determination of triad
tacticities.

Results and Discussion

Compared to the anionic polymerization of MMA with
EiBLIi/AIEt; in a 3:1 toluene/methyl pivalate v/v mixed
solvent,® the rate of propagation is about 2 orders of
magnitude higher when we use EiBLi in the presence
of NBusT[ALLEtsBr]~ in toluene (cf. Figure 1), and a
polymer gel does not precipitate either. Both observa-
tions seem to indicate that the active species carries a
tetrabutylammonium rather than a lithium gegenion (cf.
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Scheme 1. Equilibrium between Unimeric and Dimeric Chain Ends in the Presence of AIR;
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Figure 1. First-order time—conversion plots for the anionic
polymerization of MMA at —20 °C with EiBLIi/AIEt; in 3:1
toluene/methyl pivalate v/v (®) and EiBLi/NBust[AlLEtsBr]~
in toluene (M). [EiBLi]Jo = 4.5 x 10~ mol/L, [NBusBr] = 6.9 x
1072 mol/L, [AlEts] = 15.0 x 102 mol/L, and [MMA], = 0.233
mol/L.

Introduction). However, the rate of propagation is
considerably lower than one would expect for an active
species with a large tetrabutylammonium gegenion.!?

Ab initio (DFT) quantum-chemical calculations* on
the model compound EiBLi—NMe, [AIMe3Br]~ provide
2a and its dimeric associate 2b as possible structures
of the active species (Chart 1). Either species carries a
tetraalkylammonium gegenion, but the lithium ion is
still coordinated to the enolate oxygen and, in addition,
to a trialkylaluminum halide anion. It appears that the
gegenion of the active species might not be simply
exchanged as expected at first.

Anyway, the polymerization usually follows first-order
kinetics at —20 °C, and the number-average degree of
polymerization, Py, increases linearly with monomer
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Figure 2. Determination of the reaction order with respect
to the concentration of active centers, [P*]o, for the anionic
polymerization of MMA at —20 °C with EiBLi/NBu, [Al Ete-
Br]™ in toluene. [EiBLi]o = (0.16—4.04) x 1072 mol/L, [NBu,-
Br] = 6.9 x 1072 mol/L, [AIEt;s] = 15.0 x 10=3 mol/L, and
[MMA], = 0.233 mol/L. Slope: 1.0 + 0.1.

conversion, x, (see below). The resulting PMMASs have
narrow molecular weight distributions (1.05 < My/M,
< 1.20) and, relying on GPC analysis with UV detection
at A = 300 nm, they are free of cyclic -ketoester units.
All these findings suggest that neither termination via
back-biting nor transfer reactions occur; i.e., the polym-
erization has both living and controlled character. The
initiator efficiency, f, is in the range 60—80% (cf. Table
1).

Further Kinetic studies show that the reaction is first
order with respect to the concentration of active centers,
[P*]o = f[EiBLi]o (Figure 2), and the initial concentration
of the monomer, [MMA]o.8 Assuming that the curvature
in Figure 2 is not accidental would imply a change in
reaction order for [P*]p from 1.4 to 0.7, which is difficult
to explain.

Chart 1. Calculated Structures of the EiBLi—NMes;[AlMe;Br] Adduct (Unimer and Dimer)

2a
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Table 1. Molecular Weight Distributions and Tacticities of the Polymers Obtained from the Anionic Polymerization of
MMA with EiBLi/NRs [Al,EteX]™ in Toluenec

X at tacticity
p _ _

NR4X T/°C tmax/min tmax Pn Pw/Pn f mm r r o
NMe,Cl —20 40 0.95 760 117 0.64 0.01 0.74 0.865 0.93
NEt,CI —20 18 1 660 1.12 0.82 0.02 0.72 0.850 0.98
NBu4Cl —-20 15 1 890 1.08 0.59 0.01 0.76 0.875 0.95
NBu4Br -20 13 1 690 1.06 0.74 0.01 0.73 0.860 0.93
NBual —20 25 0.81 1000 112 0.42 0.01 0.72 0.855 0.93
NBusBr —782 390 0.31 220 1.09 0.72 0.02 0.72 0.850 0.98
NBusBr —58 180 0.89 560 1.10 0.77 0.01 0.77 0.880 0.96
NBu4sBr —38 70 1 645 1.07 0.74 0.01 0.75 0.870 0.94
NBu4Br -20 13 1 690 1.06 0.74 0.01 0.73 0.860 0.93
NBusBr ob 5 0.89 620 1.26 0.67 0.03 0.66 0.815 0.97
NBu4sBr +20P 4 0.20 275 1.39 0.37 0.04 0.61 0.785 0.96

a Precipitation of a polymer gel; M,, = 12 400, and My/M, = 1.77. ®» Downward curvature of first-order time—conversion plot indicates
termination reactions. ¢ [EiBLi]o ~ 0.44 x 1073 mol/L, [NRsX] = 6.9 x 1073 mol/L, [AlIEts] = 15.0 x 1073 mol/L, [MMA]o = 0.233 mol/L.
Xp: monomer conversion. P,: number-average degree of polymerization. Py/Pn: polydispersity index. f: initiator efficiency. p: persistence
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Figure 3. First-order time—conversion plots for the anionic
polymerization of MMA at —20 °C with EiBLi/NBus [Al,Ete-
Br]~ in toluene for different concentrations of NBu, [ALLEtsBr] .
[EiBLi]o = 0.44 x 1072 mol/L; [NBu4Br]/[AIEts] = (0.5/1.1)
(—+ —a—+-) (1.2/25) (- - —@— - —), and (6.9/15.0) x 1073
mol/L (- - -B- - -); and [MMA], = 0.233 mol/L.
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Figure 4. Plot of the number-average degree of polymeriza-
tion, P,, vsS monomer conversion, X, for the polymerizations
described in Figure 3. Key: (—) calculated P, = x,[MMA]o/
[EiBLi]o.

Effect of the Complex Concentration. The first-
order time—conversion plots are only linear when a
sufficiently high concentration of the NBus [AlL,EtsBr]~
complex is used. Otherwise, the value of the apparent
rate constant of propagation, kapp, increases during the
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Figure 5. Plot of the polydispersity index, P,,/P,, vs monomer
conversion, X, for the polymerizations described in Figure 3.
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Figure 6. GPC eluograms of the polymers obtained from the
anionic polymerization of MMA with EiBLiI/NBus [AlL,EtsBr]~
(a in Figure 3) at x, = 0.06 (- - -, Mw/M,, = 1.29) and x, = 0.32
(—, Mw/M,, = 1.10).

early stages of the polymerization and is then constant
(cf. Figure 3). Even then, the plots of P, vs conversion
are linear (cf. Figure 4), so that this observation can
hardly be explained by a slow initiation process. The
molecular weight distributions of the polymers are,
however, bimodal at first but unimodal and narrow for
higher monomer conversions (cf. Figures 5 and 6). It
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Figure 7. Determination of the reaction order with respect
to the concentration of the tetrabutylammonium bromide—
triethylaluminum complex, [NBus [Al.EtsBr]~]. For reaction
conditions, see Figure 3. Slopes: 0.9 + 0.1 (K'p, --0--), 1.1 &+
0.1 (kp, —H-).

Scheme 2. Equilibrium between the Active Species 1
and 2 (Dimeric Structures Omitted)
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seems therefore reasonable to consider an equilibrium
between various active species of different reactivity.

From the initial and the final slopes of the curved
first-order time—conversion plots, we can calculate two
rate constants of propagation, K’y and Kp, respectively.
The bilogarithmic plot of these rate constants vs the
concentration of the tetrabutylammonium bromide—
triethylaluminum complex, [NBus [Al.EtsBr]™], (Figure
7) shows that, in both stages, the polymerization follows
first-order Kinetics with respect to the complex concen-
tration. Regarding the initial stage, it is found that the
linear plot of k'y vs [NBusT[Al;EtsBr]~] has an intercept
of k'y = 0.13 I mol~* s — this value is close to that of
the rate constant which was determined in the absence
of the tetrabutylammonium bromide (k, = 0.08 | mol~1
stat —23 °C).8

Therefore, we consider an equilibrium between 1 and
2 (or its AIR'; adduct) with the latter as the more
reactive species (Scheme 2). If this equilibrium shifts
toward 2 with increasing concentration of the NBu,*-
[Al.EtsBr]~ complex, the polymerization will follow the
observed first-order kinetics. To explain the increasing
slope of the first-order time—conversion plots, we sup-
pose that the equilibrium position and/or the degree of
association of the living chains depend on their degree
of polymerization. It has been frequently observed that
low molecular weight ester enolates behave differently
from the corresponding polymer chain ends. As an

Macromolecules, Vol. 31, No. 21, 1998

example, methyl o-(tetraphenylphosphonium)isobu-
tyrate, MiB~TPP*, has a higher tendency than PMMA™-
TPP™ to form unreactive phosphor ylides.1® As the
molecular weight distributions of the polymers obtained
in the early stage of the polymerization are broad, the
establishment of the equilibrium between 1 and 2 or
dissociation of dimeric associates should be slow with
respect to propagation.’* For high complex concentra-
tions, [NBus[Al,EtsBr] ]/[P*]o > 6, we obtain linear
first-order time—conversion plots and the reaction ap-
proaches zeroth order with respect to the complex
concentration (cf. Figure 7). This might suggest that
the equilibrium in Scheme 2 is then totally shifted
toward 2.

Effect of other Tetraalkylammonium Halides.
The use of various NR4T[ALEtsX]™ complexes (R = Me,
Et, Bu; X = CI, Br, 1) at high concentrations leads to
linear first-order time—conversion plots.® It was found
that the rate of propagation increases with increasing
size of the tetraalkylammonium ion.° Indeed, with
regard to the structure of 2 in Chart 1, one would expect
that the radius of the tetraalkylammonium gegenion
affects the interionic distance to the carbanion and thus
the reactivity of the active species. Surprisingly, the
rate of propagation decreases with increasing size of the
halide.® This observation can hardly be explained with
structure 2 because of the large distance between the
halide and the carbanion. It appears that we have to
take a further active species into account. We assume
that 2 might dissociate into a considerably more reactive
tetraalkylammonium enolate (or enol aluminate) 3 and
a Lit[AIR'3X]~ complex (Scheme 3). As the heat of
formation of Lit[AIR'3X]™ increases with decreasing
radius of the halide,® the equilibrium in Scheme 3 will
be shifted toward the active species 3, which should then
lead to the observed acceleration of the polymerization.
However, the products in Scheme 3 should be consider-
ably less stable than the educts, so that the equilibrium
between the active species should lie predominantly on
the left-hand side and only a minute fraction of species
3 may be actually formed.

Temperature Dependence. At temperatures below
—20 °C, we again find slightly curved first-order time—
conversion plots (Figure 8), and the polymers obtained
at low monomer conversions have bimodal molecular
weight distributions. Obviously, the equilibrium in
Scheme 2 between 1 and 2 is exothermic; i.e., it shifts
to the left-hand side with decreasing temperature (as
it does with decreasing concentration of the NBu,™-
[AlLEtsBr]~ complex). At —78 °C, we even observe the
precipitation of a polymer gel; i.e., then the ester enol
aluminate 1 should be the predominant active species.

The Arrhenius plot (Figure 9) of the propagation rate
constants, k, (which were determined from the final
slopes in the case of curved first-order time—conversion
plots), is linear in the range of —78 to —20 °C. The
apparent values of the activation parameters are

E,®P = (40.5 + 0.9) kd/mol  log A,,, = 9.6 + 0.2

app

The observed value of the activation energy is much
higher than those obtained so far using various coun-
terions and solvents. In toluene, values between 21 and
26 kJ/mol were reported for Li™, K*, and Lit/AlEt3,315
whereas in THF the values range from 18 to 24 kJ/mol*?
and a value of 17 kJ/mol is found for group transfer
polymerization catalyzed by bifluoride anions.'® Simi-
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Scheme 3. Dissociation of the Active Species 2
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Figure 8. First-order time—conversion plots for the anionic
polymerization of MMA with EiBLi/NBu, [Al,EtsBr]™ in tolu-
ene at —38 (@), —20 (M), and 0 °C (a). For reaction conditions
see Figure 2, [EiBLi]o = 0.44 x 107° mol/L.
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Figure 9. Arrhenius plot for the anionic polymerization of
MMA with EiBLi/NBu4[Al,EtsBr]~ in toluene (B); for reaction
conditions see Figure 8. E; = (40.5 £ 0.9) kJ/mol; log A = 9.6

+ 0.2. Anionic polymerization with EiBLI/AIEt; in 3:1 toluene/
methyl pivalate v/v (O), see ref 3.

larly, the values of log A range from 3 to 7.4. This
indicates that the observed activation parameters are
apparent values only. If we assume that the polymer-
ization can proceed via three different species, the
apparent rate constant is given by

— kOrp® @rp®@ @rp®
Kapp = Ko '[P] + K7[P] + K °[P™]

If we further assume that the third species is much
more reactive than the other ones (kp(3) > ky(2), ky(1)),
in a first approximation

NR,
CH, 0— AR,
\ / e e
c—c + LiI'AIR,X]
/ \
“~~CH, o
/
H,C
3

[P 0 Ky Ky s[P*]

where Ki—; are the equilibrium constants of the equi-
libria in Schemes 2 and 3. This leads to the observed
propagation rate constant

K2 = Koo/ [P*] ~ KP[PO)[PY] O kPK, K, g

Thus, the observed activation energy obtained from
these rate constants will contain the enthalpies for the
corresponding equilibria and the frequency exponents
will contain the corresponding entropies.

The polymerization of MMA is living up to —20 °C
only (cf. Table 1). At higher temperatures, the first-
order time—conversion plots show a downward curva-
ture indicating the occurrence of termination reactions
(cf. Figure 8). Even then, the polymers lack any UV
absorption at 4 = 300 nm, which is characteristic for
cyclic g-ketoester end groups. Thus, termination of the
living polymer chains via back-biting can be excluded.
It is possible that we have to take into account a
Hofmann elimination as a termination reaction—this
reaction was observed by Bandermann et al.l” in the
polymerization of MMA with tetrabutylammonium ma-
lonates in THF.

Tacticities. Independent of the NR4T[ALEtsX]™
complex and with only slight temperature dependence,
we obtain syndiotactic polymers—the fraction of racemic
triads, rr, is ~75%, and that of racemic dyads, r, is ~86%
(cf. Table 1). The value of the persistence ratio, p, is
close to unity, indicating that the monomer addition
follows Bernoullian statistics. These results are similar
to those found with a cryptated potassium counterion
in toluene.'8

Conclusions

The polymerization of MMA with EiBLi in the pres-
ence of NR4T[AlL,EtsX]~ complexes in toluene has a living
and controlled character up to —20 °C. The reaction
follows first-order kinetics with respect to [P*]o, [MMA]o,
and [NR4[ALEtsX] ], but at low concentrations of the
complex, the first-order time—conversion plots are
curved, and the polymers are initially bimodal. This is
explained by an equilibrium between the active species
1 and 2 (Scheme 2), the position of which establishes
rather slowly during polymerization.

The dependence of the propagation rates on the size
of both NR;" and X~ can be explained by taking into
account some dissociation of 2 to form a tetraalkylam-
monium enolate 3 (Scheme 3). Decreasing the temper-
ature has a similar effect on kinetics as decreasing the
complex concentration.

At this point, we are able to explain all the kinetic
results, but we cannot prove the proposed mechanism.
Apart from additional kinetic investigations, we are
presently studying the structures of active species, e.g.,
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by NMR measurements and further quantum-chemical
calculations.
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