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ABSTRACT: Gradient copolymers with differential sequen-
ces linearly changing from methyl methacrylate (MMA) to
dodecyl methacrylate (DMA) were efficiently synthesized by a
concurrent tandem catalysis in the ruthenium-catalyzed living
radical (co)polymerization coupled with the in situ trans-
esterification of MMA with 1-dodecanol assisted by titanium
isopropoxide [Ti(Oi-Pr),]. The key is to perfectly synchronize
the two reactions throughout the tandem catalysis by using
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molecular sieves (MSs), which facilitates the MMA transesterification into DMA by removing the resulting methanol. The
MMA/DMA gradient copolymers had an extremely broad glass transition temperature range (i.e, hardly detectable by
differential scanning calorimetry (DSC)), in sharp contrast to the random and the block counterparts of similar compositions.

G radient copolymers are a class of sequence-regulated
copolymers where the differential comonomer composi-
tion along the backbone gradually and continuously changes
from one terminal to the other.' "¢ Owing to this particular
sequence distribution, gradient copolymers often exhibit
intriguing physical properties in the solid state and/or in
solution and thus differ from the corresponding random and
block copolymers.">®~'> Typically, A~B gradient copolymers
often exhibit broad glass transition temperature (Tg) for
monomer pairs whose homopolymers have very different
Tg.z’lo_12 The breadth of the T, range is dependent on not only
comonomer combination but also their sequence distribution
and the degree of polymerization (DP). Such polymeric
materials with broad T, range would be quite effective for
vibration or acoustic damping.'”

In general, gradient copolymers have been obtained in living
polymerization by the following two methods: the “sponta-
neous” gradient formation from two monomers with different
reactivity””® and the “forced” gradient formation via a
continuous feed of a second monomer into a living polymer-
ization system of another (first) monomer.>>**~'* In radical
polymerlzatlon, in particular, the two methodologies are often
combined'® ¢ by taking advantage of facile cross-propagation,
but this approach involves drawbacks such as limited monomer
combinations and cumbersome procedures, sometimes spoiling
the versatility of radical polymerization where a wide variety of
monomers are applicable.

As a new, efficient, and versatile strategy for gradient
copolymers, we have recently developed the concurrent tandem
catalysis that combines the ruthenium-catalyzed living radical
polymerization with the in situ transformation of an initially fed
methacrylate (R;MA) into another (R,MA) via transester-
ification with an alcohol (R,OH) and a metal alkoxide [Al(Oi-
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Pr);, Ti(Oi-Pr),, etc.] (Scheme 1).">'® In this system, these
metal alkoxides, originally employed as polymerization

Scheme 1. MMA/DMA Gradient Copolymers via
Synchronized Tandem Catalysis of Living Radical
Polymerization and Transesterification
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cocatalysts (additives),””*® concurrently catalyze the trans-
esterification” from R,MA into R,MA. The instantaneous
comonomer composition thereby continuously changes from
R;MA alone to an RyMA-rich mixture. The seamless change of
the monomer composition is directly reflected in the
instantaneous monomer-unit composition (gradient sequence
distribution) because methacrylates usually have similar
reactivity independent of the pendent ester alkyl group and
because the transesterification takes place specifically for
monomers and not for polymers.'>'®

Owing to the diversity of alcohols and methacrylates along
with the catalytic control of monomer sequence, the tandem
catalysis can potentially provide tailor-made gradient copoly-
mers with wide comonomer combinations, as well as interesting
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sequences, from such common reagents as alcohols for
polymeric functional materials.

Herein, we report the design of gradient copolymers via a
well-synchronized tandem catalysis of living radical polymer-
ization and the Ti(Oi-Pr),-catalyzed in situ transesterification
of MMA into dodecyl methacrylate (DMA) with 1-dodecanol
and molecular sieves (MSs) (Scheme 1). It should be noted
that MSs are newly employed to efliciently assist the
transesterification into the latter monomer by removing the
resulting methanol by absorption. The synchronized catalysis is
of vital importance in achieving a linearly shifting sequence
distribution from MMA into DMA along the backbone. Given a
large difference in T, between PMMA and PDMA (+116 and
—52 °C, respectively), MMA/DMA gradient copolymers are
expected to have a quite broad T, range.” In fact, it was found
that, in sharp contrast to random and block counterparts of the
same composition, MMA/DMA gradient copolymers with a
linear sequence change have an extremely broad glass transition
breadth (ATg), showing virtually no detectable DSC transition
signals.

For MMA/DMA gradient copolymers, concurrent tandem
polymerization of MMA (2.0 M) was examined with
Ru(Ind)CI(PPhy),, Ti(Oi-Pr),, and ethyl 2-chloro-2-phenyl-
acetate (ECPA) in toluene/l-dodecanol (1/1 v/v, [1-
dodecanol], = 1.7 M) at 80 °C (Figures 1 and 2, Table 1,
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Figure 1. Effects of MS 4A on concurrent tandem living radical
polymerization for MMA/DMA gradient copolymers: (a, b) total
monomer conversion and DMA content in monomer; (c, d)
cumulative (F,,pma) and instantaneous (Fj,qpypa) DMA content in
products; [MMA],/[ECPA],/[Ru(Ind)CI(PPh,),],/[Ti(0i-Pr),], =
2000/20/2.0/(a, c) 20 or (b, d) 5.0 mM (a, c) without or (b, d) with
MS 4A (0.33 g/mL) in toluene/1-dodecanol (1/1 v/v, [1-dodecanol],
= 1.7 M) at 80 °C. Inset picture in (b): tandem polymerization with
MS 4A.

and Figures S2—SS, Supporting Information). Polymerization
efficiently proceeded in high yield to give a well-controlled
polymer with narrow molecular weight distribution (a typical
result with Ti of 20 mM: total conversion = 95%; 25 h; M, =
15000 and M, /M, = 125 by size-exclusion chromatography
(SEC) in CHCly; Table 1, entry 7, Figure la.c).

In situ transesterification and the gradient sequence in
polymer were analyzed by proton nuclear magnetic resonance
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Figure 2. Effects of reaction conditions on Fj,ipya of MMA/DMA
gradient copolymers (DP = 100). (a) Ti(Oi-Pr), (0, S, 10, 20, 40
mM), 1-dodecanol (1.7 M) with MS 4A (0.33 g/mL). (b) Ti(Oi-Pr),
(0, 5, 10, 20, 40 mM), 1-dodecanol (1.7 M) without MS 4A. (c)
Ti(Oi-Pr), (20 mM), 1-dodecanol (1.7, 1.0 M) with MS 4A (0.33 g/
mL). (d) Ti(Oi-Pr), (10 mM), 1-dodecanol (1.7 M) with MS 4A
(0.33, 0.17 g¢/mL) or MS 3A (0.33 g/mL).

(*H NMR) spectroscopy. The DMA content in the polymer-
ization solution gradually increased (Figure la: blue symbols).
The cumulative and the instantaneous DMA content in
polymer (Fupma and Figpuma, respectively) increased with
the normalized chain length, while virtually identical to total
conversion (Figure 1c), where the normalized chain length is
defined as DP,/DPy,,; for living copolymers; DP, = [MMA], X
(total conversion/100)/[ECPA]y; DPg,q = [MMA], X (total
final conversion/100)/[ECPA],. Separate model reactions
further support that Ti-mediated transesterification with 1-
dodecanol was perfectly selective for MMA in the presence of
MMA oligo(poly)mers (DP: 6, 100), while ECPA was also
transformed into dodecyl 2-chloro-2-phenylacetate (Figure S1,
Supporting Information). Thus, a gradient copolymer from
MMA to DMA was actually obtained.

It turned out, however, that the instantaneous composition
(Finsypma) does not change linearly along the polymer
backbone; i.e., Fpya increases sharply at the beginning of
the reaction [or at the vicinity of the initiating terminal (a-
end)] but more moderately as the reaction is retarded at about
60% conversion. This sequence—distribution shift along the
backbone directly reflects time-dependent changes in the
instantaneous comonomer composition in the reaction mixture.
Namely, the in situ transesterification of MMA into DMA was
faster than the copolymerization of the monomers during the
early phases (total conversion below 40%) but sharply slowed
down and almost stopped beyond conversion over 50% (Figure
1a: black versus blue plots).

Though the final F,,pya and the initial Fjppa indeed
increased with increasing concentration of Ti(Oi-Pr), (from 5.0
to 40 mM; Table 1, entries 5—8; Figure S2, Supporting
Information), the retardation of Fj,ypya beyond the middle
reaction stage was inevitable (Figure 2b), indicating that the
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Table 1. MMA/DMA Gradient Copolymers Obtained from Concurrent Tandem Living Radical Polymerization®

entry DP  [Ti(OiPr),], (mM) [I-dodecanol], (M) MS MS (g/mL) time (h) conv.” (%) M,° M/M,°  Femoma”®  Foupma”
1 100 5.0 1.7 4A 0.33 19 92 19000 1.36 50 77
2 100 10 1.7 4A 0.33 25 95 17700 145 61 80
3 100 20 1.7 4A 0.33 14 95 17900 1.42 68 85
4 100 40 1.7 4A 0.33 22 98 23100 1.37 72 82
5 100 5.0 17 - - 22 90 14500 127 7 13
6 100 10 1.7 - - 25 95 14300 126 35 44
7 100 20 17 - - 25 95 15000 125 45 59
8 100 40 1.7 - - 34 94 18700 122 48 53
9 100 20 1.0 4A 0.33 33 89 18200 128 sl 59
10 100 10 1.7 4A 0.17 24 93 16900 1.30 45 66
11 100 10 1.7 3A 0.33 22 90 18500 1.38 56 77
12 400 5.0 17 4A 0.33 19 91 68500 1.38 54 80
13 400 20 1.7 - 0.33 24 93 84800 1.38 41 52

“[MMA],/[ECPA],/[Ru(Ind)CI(PPh,),],/[Ti(Oi-Pr),], = 2000/20/2.0 (entries 1—11) or 0.5 (entries 12, 13)/5.0—20 mM with or without MS
4A (or 3A) in toluene/1-dodecanol at 80 °C. “Total monomer conversion: determined by 'H NMR with an internal standard. “Determined by SEC
in CHCI; with a PMMA standard calibration. 9Cumulative DMA content (Feumpma) and instantaneous DMA content (Fj,pya) in final products.
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Figure 3. (a) Sequence distribution of MMA/DMA copolymers employed for DSC measurements (DP = 400, Block, Random, Gradient 1: entry
12, Gradient 2: entry 13). DSC heating curves (black line) and the first derivatives of DSC heating curves (blue line) with temperature for (b) Block

and Random and (c) Gradient 1 and Gradient 2.

increased Ti(Oi-Pr), concentration could accelerate the
transesterification just in the early phases of polymerization
alone. This is because, under these conditions, the trans-
esterification is reversible and soon reaches equilibrium well
before the MMA—DMA copolymerization has been completed.

To enhance DMA formation, or to shift the MMA—DMA
transformation equilibrium far to the latter monomer, we
employed molecular sieves (MS 4A or 3A) that would remove
the resulting methanol by absorption during the trans-
esterification.”®>" In fact, separate experiments showed that
MS 4A efliciently accelerated the transesterification of MMA
into DMA (Figure S1, Supporting Information). Thus, for
example, the concurrent tandem polymerization starting from
MMA with Ru(Ind)CI(PPh;),, Ti(Oi-Pr),, and 1-dodecanol
was examined in the presence of MS 4A (nominal
concentration 0.33 g/mL) (see the inset picture in Figure
1b); note that herein the alkoxide concentration was kept
rather low (5 mM) relative to the standard conditions (20 mM;
see above).

The use of MS 4A at a low Ti(Oi-Pr), concentration almost
perfectly synchronized polymerization and transesterification
throughout the tandem catalysis (Figure 1b), to produce a well-
controlled gradient copolymer with sequence distribution
linearly changing from MMA to DMA (Figure 1d and Table
1, entry 1; total conversion = 92%; 19 h; M, = 19 000; M,,/M,
= 1.36; Feumpma = 50; Fipgpva = 77%). Without the methanol
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absorbent, in contrast, in situ transesterification hardly
proceeded with such a low Ti(Oi-Pr), concentration (Figure
2b, Table 1, entry S). Another finding with the use of molecular
sieves was that gradient copolymers rich in DMA content from
the initiating terminal (Foympya = ~70%; Fingpma = ~85%) can
be obtained by increasing Ti(Oi-Pr), concentration from 10 to
40 mM, where 82% of 1-dodecanol was incorporated into
DMA (Figure 2a; Table 1, entries 2—4). In this tandem
catalysis, the tuning of Ti(Oi-Pr), concentration and the use of
MS are almost independent of polymerization rate and
controllability to conveniently afford the control of gradient
sequence on demand.

The gradient sequence can also be controlled by the amount
of MS 4A or 3A. For example, decreasing MS 4A from 0.33 to
0.17 g/mL reduced F,, pya (Figure 2d, Table 1, entries 10 and
11; Figure SS, Supporting Information). These results
demonstrate that molecular sieves efficiently and selectively
entrap methanol in the presence of various chemical reagents in
our tandem catalysis.

The gradient monomer sequence could also be controlled by
decreasing the amount of 1-dodecanol from 1.72 to 1 M
(Figure 2c; Table 1, entry 9; with MS 4A). In this case, the in
situ transesterification into DMA hardly proceeded beyond the
middle stages of the tandem catalysis; thus F,,pya remained
unchanged with normalized chain length above 0.5 (Figure S4,
Supporting Information), where 1-dodecanol was converted
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into DMA almost completely (~91%). The product was
therefore a virtual block copolymer consisting of a gradient-
sequence segment from the a-end to the middle point and a
random-sequence segment from the middle to the w-end
(Figure 2c).

To investigate effects of gradient sequence distribution on
copolymers’ thermal properties, MMA/DMA gradient copoly-
mers were analyzed by DSC, in comparison to the random and
the block counterparts (Figure 3). For this, we prepared two
samples of MMA/DMA copolymers with total DP of 400: One
sample had a sequence distribution linearly changing from
MMA to DMA over the backbone from the a-end to the w-
end, obtained from the well-synchronized catalysis with MS 4A
as discussed above (Gradient 1: M, = 68 500; M, /M, = 1.38;
Fempra = 54%; Fogpaa = 80%; Table 1, entry 12). The
second sample had a retarded DMA distribution obtained
without MS 4A, where the DMA content in the segment closer
to the w-end is smaller than in the first sample and slightly
richer near the a-end (Gradient 2: M, = 84 800; M, /M, =
1.38; Foympma = 41%; Figpyva = S2%; Table 1, entry 13).

As seen in the heat flow charts (heating rate 10 °C/min,
Figure 3c, black lines), Gradient 1 did not show a clear T,
whereas Gradient 2 seemed to have a broad T, range. In
contrast, the corresponding random copolymer (Random: M,
= 56 800; M,,/M, = 1.19; Fepppya = 51%) had one T, at 6 °C,
and the block counterpart (Block: M, = 64400; M,/M, =
1.36; Foumpma = 50%) showed two T,’s at =52 °C for DMA
and 116 °C for MMA (Figure 3b), both identical to those for
their homopolymers.

The difference in thermal properties was more visible in the
first derivatives of heating curves (the blue lines in Figures 3b
and 3c). Gradient 2 clearly showed a signal originating from
glass transition, and the width (AT, = ~65 °C) was larger than
that for Random (AT, = ~40 °C). Gradient 1 in turn hardly
showed glass transition. However, the T, range for Gradient 1
apparently spread over 170° due to the difference in T,
between MMA (116 °C) and DMA (—52 °C) homopolymers.
Therefore, “synchronized” gradient MMA/DMA copolymeriza-
tion afforded unique polymeric materials with an extremely
broad T, range resulting from a sequence distribution almost
linearly changing along the backbone from a- to w-ends.

In conclusion, we have successfully achieved sequence
control of MMA/DMA gradient copolymers via concurrent
tandem catalysis of the ruthenium-catalyzed living radical
polymerization and the in situ transesterification of MMA with
Ti(Oi-Pr), and 1-dodecanol. Importantly, the combination of
molecular sieves and a small amount of Ti(Qi-Pr), induced
well-synchronized catalysis, to give MMA/DMA gradient
copolymers with the sequence distribution linearly changing
from MMA to DMA along the backbone. These gradient
copolymers turned out to have an extremely large breadth of T,
and thus would be potentially attractive as vibration or acoustic
damping materials.
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Experimental details, time—conversion curves, monomer
composition analysis in polymers, and SEC data for the
present study are given. This material is available free of charge
via the Internet at http://pubs.acs.org.
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