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Introduction. Controlled/“living” radical polymeriza-
tions allow complex macromolecular architectures to be
synthesized. Numerous examples of star, block, graft,
comb, and brush copolymers made by atom transfer
radical polymerization (ATRP), reversible addition—
fragmentation transfer polymerization (RAFT), or ni-
troxide-mediated polymerization (NMP) have been re-
ported.1?2

However, only a few studies describe the synthesis
of copolymers possessing controlled sequences (gradient
or alternating copolymers) by controlled/“living” radical
polymerization, even though such structures could open
a new avenue for the production of novel materials.
Several gradient copolymers have been synthesized by
ATRP.2 Only a few alternating copolymers from comono-
mers that have a spontaneous tendency for alternation
have been synthesized by ATRP,*6 RAFT,” or NMP.8
However, the synthesis of alternating copolymers by
controlled/“living” radical polymerization from mono-
mers without this tendency has not yet been reported.

During the 1960s and 1970s, several studies reported
the synthesis of alternating copolymers.® Acrylic mono-
mers and styrene, which usually copolymerize ran-
domly, may be copolymerized in an alternating fashion
in the presence of Lewis acids.1%11 Although the precise
mechanism of this copolymerization is not yet fully
understood, it seems that the alternating behavior is
due to the formation of a complex between the acrylic
monomer and the Lewis acids which is unable to self-
propagate and strongly enhances the cross-propagation.
However, no control of molecular weight and polydis-
persity was possible in these systems.

This communication describes the synthesis of con-
trolled/“living” alternating copolymers of methyl meth-
acrylate (M) with styrene (S) in the presence of dieth-
ylaluminum chloride by RAFT.12 (The RAFT technique
was chosen, since it provides smaller interference with
Lewis acids than ATRP or NMP.) This new system
controls the molecular weight, polydispersity, and the
comonomer sequences. To show the superior control of
this system, the kinetic behavior and the microstructure
of the synthesized polymer have been compared to those
obtained in a RAFT copolymerization without Et,AlICI
and in a conventional radical copolymerization in the
presence of Et,AICI.

Experimental Part. a. Polymerization Condi-
tions in the Presence of Lewis Acid. In a glovebox,
dried methyl methacrylate (1.86 g, 18.6 mmol) and
diethylaluminum chloride (0.89 g, 7.4 mmol) were added
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to a Schlenk flask. The mixture was stirred for 4 h in
order to preform the complex between both reagents.
Then, a degassed solution of 2,2'-azobis(isobutyronitrile)
(AIBN) (1.63 mg, 0.0099 mmol) and optionally added
cumyl dithiobenzoate (CDB) (27 mg, 0.099 mmol) dis-
solved in dried styrene (1.93 g, 18.6 mmol) was intro-
duced via a degassed syringe. The mixture was ther-
mostated at 60 °C, and samples were withdrawn
through a degassed syringe at timed intervals. Monomer
conversion was determined by gravimetry analysis on
crude samples. Average molecular weight and polydis-
persities were measured by size exclusion chromatog-
raphy calibrated with poly(methyl methacrylate) stan-
dards.

b. Polymerization Conditions in the Absence of
Lewis Acid. Methyl methacrylate (1.86 g, 18.6 mmol),
styrene (1,93 g, 18.6 mmol), 2,2'-azobis(isobutyronitrile)
(1.6 mg, 0.0099 mmol), and cumyl dithiobenzoate (27
mg, 0.099 mmol) were added to a dry Schlenk flask. The
mixture was thoroughly purged by nitrogen flushing
and then heated at 60 °C. Analysis conditions were the
same as described above.

Results and Discussion. Three polymerization sys-
tems were compared in this study: RAFT polymeriza-
tion (system A), conventional radical polymerization in
the presence of Et,AICI (system B), and RAFT polym-
erization in the presence of Et,AICI (system C). Table
1 (entries 1—5) shows the molar ratios between the
compounds used in the polymerizations. In the following
discussion, the kinetic behavior of these three polym-
erization systems will be first analyzed. Then, the 'H
NMR analysis of the microstructure of the synthesized
copolymers will be compared.

All the reactions were stopped when the copolymer-
ization mixture became glassy. Table 1 (entries 6—10)
shows the overall final monomer conversion, final
average molecular weights, and polydispersities for the
three studied systems. The final molecular weights of
both RAFT systems A and C are close to the expected
theoretical values and polydispersity indexes are less
than 1.5, indicating controlled/“living” behavior. On the
other hand, for system B, as expected for a conventional
radical process, very high molecular weights and high
polydispersity (Mw/M;, > 2) were observed. These results
indicate that only systems A and C allow one to
synthesize P(M-co-S) copolymers with predetermined
molecular weights and low polydispersities.

Figure 1a compares the plots of molecular weights M,
and polydispersities My/M, vs conversion for systems
A and C. In both cases, the molecular weight increases
linearly with conversion, and the experimental values
are close to the theoretical ones, assuming quantitative
initiation. This behavior shows that the RAFT copolym-
erization of methyl methacrylate and styrene is con-
trolled in both the absence and presence of Et,AlCI.
However, the polydispersity index is higher for system
C than system A. In the presence of Et,AICI, cumyl
dithiobenzoate end groups may also be complexed with
the Lewis acid, as evidenced by the formation of an
intense orange color. This complexation, due to steric
and electronic effects, could reduce the rate of the
exchange process, which may partially explain the
increased polydispersity.
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Table 1. Initial Molar Ratios of All Reagents and Final Experimental Results

system A (RAFT)

system B (Lewis acid) system C (RAFT/Lewis acid)

1 methyl methacrylate 190

2 diethylaluminum chloride -

3 styrene 190

4 2,2'-azobis(isobutyronitrile) 0.1

5 cumyl dithiobenzoate 1

6 time (h) 73

7 final overall monomer conversion (%) 63

8 M experimental (g mol—1) 21600

9 Mw/Mn 1.14
10 My, theoretical? (g mol—1) 20300
11 Fx 0.499
12 Fy 0.404
13 F. 0.096
14 o 0.43
15 Fswms (%) 52
16 Fuwms (%) 17
17 Fumm (%) 14

a Mp, theoretical = ([M]o + [S]o)(conv)(104.15 + 100)/(2(2[AIBN]o + [CDB]o)).
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Figure 1. (a) Number-average molecular weight M, (black
symbols) and polydispersity index M/M, (white symbols) as
a function of overall monomer conversion (conv) (b) In(1/(1 —
conv)) vs time for the bulk copolymerization of methyl meth-
acrylate and styrene at 60 °C: [S]o = 3.67 mol L™%; [M]o =
3.67 mol L™%; [AIBN]o = 1.96 x 102 mol L~%; [CDB]o = 1.96 x
1072 mol L7%; [EL,AICI] = 0 mol L™! (a, &) (system A), 1.47
mol L™ (M, O) (system C). Theoretical M,, = ([M]o + [Slo)(conv)-
(104.15 + 100)/(2(2[A1BN], + [CDB]Jo)).

Semilogarithmic curves of conversion with time are
plotted for systems A and C (Figure 1b). Comparison of
the slopes of the curves indicates that the rate of
polymerization of system C is about 40 times higher
than that of system A. This is because the values of the
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anure 2. 600 MHz *H NMR spectra of copolymers P(M-co-
S) in CDCl; at 28 °C.

cross-propagation rate constants in the presence of Et,-
AICI are markedly higher than in the absence of Et,-
AICI. Sigwalt et al.*® have shown that the addition rate
constant of the complex methyl methacrylate/Lewis acid
onto the styryl radical (ks—mc = 2600 L mol~1 s71) at 20
°C is about 40 times higher than that of methyl
methacrylate (ks—v = 70 L mol~ s™1). The rate constant
of addition of styrene to the complexed methacrylic
radical (kmc-s) has not been precisely determined but
could also be higher than the rate constant of addition
of styrene to methacrylic radicals (km-s). Consequently,
the ratio of the rate constant of propagation to that of
exchange is higher for system C than system A, which
may additionally explain the enhancement of polydis-
persity observed for system C.14 However, although the
kinetic behavior of systems A and C is different, both
copolymerizations of methyl methacrylate and styrene
are controlled.

Figure 2 compares the 'H NMR spectra of the
copolymers P(M-co-S) synthesized via systems A, B, and
C. According to the literature,’>~17 the region from 3.7
to 2.1 ppm is due to the poly(methyl methacrylate)
methoxy protons. This range can be subdivided into
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three subregions 3.7—3.2 ppm (X), 3.2—2.7 ppm (Y), and
2.7—2.1 ppm (Z), which are respectively representative
of the M-centered triads with none, one, and two meso
MS diads.>1¢ The fractions of the various M-centered
triads (MMM (homopolymer), MMS/SMM (random),
SMS (alternating)) may be correlated to the fractions
of the areas X, Y, and Z of the methoxy resonance of
the copolymer (egs 1—3).18

Fy=Fuwuv T 2(1 — 0)Fyus + (1 — U)ZFSMS 1)
Fy = 20Fyus + 20(1 — 0)Fgys (2)
F, = OZFSMS ©)]

Here o represents the probability of alternating M and
S units having the same “coisotactic” configurations,
with the assumption that o is constant regardless of the
sequence of addition (i.e., 0 = oms = osm). San Roman
et al.’® have shown that ¢ may be calculated from eq 4,

o=1-F")A+ ry)(Fu/Fs) (4)

where ry is the reactivity ratio of the methacrylic
radical, Fy is the mole fraction of methyl methacrylate
in the copolymer, and Fs is the mole fraction of styrene
in the copolymer.

Table 1 (entries 11—14) shows the value of Fy, Fy, and
F, and o for systems A, B, and C. The areas X and Y
can be determined by direct integration of the NMR
spectra with measurement errors less than 1%. Because
of overlap with the methine region, area Z cannot be
measured by integration. O’Driscoll et al.2% have shown
that the area Z can be calculated by using eq 5.

area Z = (3/8)(F,,)(total area of the spectra) —
area X —areaY (5)

The monomer compositions of the copolymer Fy and Fs
were determined by elemental analysis and were both
equal to 0.5 in all cases. The reactivity ratio ry is equal
to 0.08 in the presence of ELAICI?! and 0.47 in its
absence.??

The values of Fy, Fy, and F, and o were used to
calculate the fractions of the M-centered triads (Table
1, entries 15—17) from eqs 1—3. For system A, the
proportion of random triads MMS/SMM (2Fuwms) is equal
to 34%. This behavior indicates that in the absence of
Lewis acid the synthesized copolymer has a low ten-
dency to alternate. On the other hand, the predominant
structure of systems B and C is the alternating triad
SMS, with values of 92% and 87%, respectively. The
copolymers synthesized in the presence of Et,AICI are
predominantly alternating. In the presence of Lewis
acid, system C produces alternating copolymers P(M-
alt-S) nearly as efficiently as the conventional radical
polymerization process (system B).

The microstructure of the copolymer can be qualita-
tively evaluated from the expanded region X.16 Inside
this region (Figure 3), it is possible to distinguish three
signals: a signal from 3.25 to 3.44 ppm due to the
alternate triad SMS, a signal from 3.44 to 3.58 ppm due
to the random triad MMS, and a signal from 3.58 to
3.65 ppm due to the homopolymer triad MMM. The
signals inside region X are broad for system A. This
behavior indicates that in the absence of Lewis acid the
copolymer contains all triads. On the other hand, for
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Figure 3. Expansion of the region X of the 600 MHz *H NMR
spectra of copolymers P(M-co-S) in CDCl; at 28 °C.

system B and C, inside the range 3.7—3.2 ppm, although
it is possible to distinguish all three previously described
peaks, the most intense peaks are due to the alternating
triad SMS.

In conclusion, RAFT copolymerization in the presence
of a Lewis acid (system C) produces well-defined alter-
nating copolymers P(M-alt-S), whereas RAFT copolym-
erization alone (system A) only controls the chain length
and polydispersity, and standard radical copolymeriza-
tion in the presence of Lewis acids (system B) only
controls the comonomer sequences. System C can be
applied to other Lewis acids and to various monomers.
These results will be reported in more details in a
forthcoming paper.
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