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ABSTRACT

The synthesis of block copolymers containing low molar mass poly-
propylene and poly(meth)acrylates is reported. Vinyl-terminated poly-
propylene (M,sgc=3,100; M, /M, =145) was used to prepare
a macroinitiator for atom transfer radical polymerization (ATRP)
via hydrosilation with 1-(2-bromoisobutyryloxy)propyl-tetramethyldi-
siloxane. Polar segments were then incorporated to polypropylene by
chain extension using either methyl methacrylate, or n-butyl acrylate.
While blocking efficiency was limited in this system, well-defined PP-b-
PMMA (M, =22,220; M,,/M,=1.14) was obtained by extraction of
unreacted polypropylene with diethyl ether.
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INTRODUCTION

Polyolefins are important commodity polymers with the largest volume
of production due to their low cost and good mechanical properties. How-
ever, limitations in the range of functionality of many polyolefins often
hinder their application in a variety of systems. Thus, the preparation of
polyolefin copolymers possessing polar segments is an area of great interest
as a route to obtain novel materials with improved properties.""* A wide
range of systems have been explored in the design of catalysts that target
direct copolymerization of ethylene/a-olefins with polar monomers (e.g.,
methacrylates) by suppression of monomer interactions with the transition
metal complex.” > While the development of new ligands has been a major
focus of this research, other approaches, such as transformation of olefin
polymerization to alternative polymerization processes have been explored.
In particular, the application of controlled/living radical polymerization
(CRP) has been conducted in the preparation of polyolefin based block and
graft copolymers containing polar segments.

Advantages of the CRP chemistry arise from both facile functionali-
zation of polymers to incorporate initiating functional groups, as well as a
high tolerance to a wide range of polymerizable monomers.[*” These con-
cepts have been utilized in the preparation of various block and graft
copolymers using either functional macroinitiators, or macromonomers.’!
Polyolefin containing copolymers have been synthesized using similar syn-
thetic routes. Examples of these materials include the use difunctional and
multifunctional polyisobutene as macroinitiators for the chain extension of
styrene (Sty), methyl acrylate (MA) and methyl methacrylate (MMA) using
atom transfer radical polymerization (ATRP).[""!13] The synthesis of polar
graft copolymers was also conducted using ATRP by functionalization of a
commercially available poly(ethylene-co-glycidyl methacrylate) copolymers
with ATRP initiating groups (e.g., a-halo esters) followed by chain extension
with (meth)acrylate monomers.'¥ Functional random copolymers of
poly-(ethylene-random-styrene) and poly(ethylene-random-butylene) were
also used as macroinitiators for ATRP to incorporate grafts of poly-
(meth)acrylates.!!>1¢!

Among the commercially important polyolefins, polypropylene (PP) has
not been used extensively in CRP systems. Recent strategies to introduce
CRP initiating sites into PP based materials include copolymerization of
propylene with alkoxyamine containing alkenes,"'”'® or chain transfer
reactions of PP chains with alkylboranes.'”?” Subsequent use of these
functionalized PP macroinitiators enabled the synthesis of both block and
graft copolymers from either nitroxide, or borane mediated polymerizations.
While these CRP systems offer the advantage of facile incorporation of
initiating moieties into the PP backbone, the range of polymerizable mono-
mers and control of molar mass is compromised relative to other processes.



11: 47 24 January 2011

Downl oaded At:

SYNTHESIS OF BLOCK COPOLYMERS 903

Recent work by our group, reported the incorporation of activated alkyl
halide end-groups to either vinyl or silane terminated poly(dimethylsiloxane)
(pDMS) via hydrosilation techniques.!'**">?) From this approach, the ability
to convert vinyl, or silane terminated polymers into a macroinitiators for
ATRP was demonstrated, enabling chain extension of nonpolar macro-
molecules with polar (meth)acrylate monomers.

Herein, we report the synthesis of polypropylene-block-poly(methyl
methacrylate) (PP-6-PMMA) and polypropylene-block-poly(n-butyl acrylate)
(PP-b-PBA) using a tandem approach of a metallocene mediated poly-
merization of propylene followed by ATRP. The preparation of a functional
vinyl-terminated PP was conducted using a zirconocene /methyl aluminoxane
catalyst systems that favored PB-methyl over B-hydride elimination as the
major mode of termination.-** This vinyl-terminated PP was then able to be
functionalized and used as a macroinitiator for ATRP to prepare block
copolymers containing polar segments.

EXPERIMENTAL

Materials

Karstedt’s catalyst (platinum (0) divinyldisiloxane complex in xylenes),
1,1,3,3-tetramethyldisiloxane were purchased from Gelest and used as
received. Copper (I) bromide and 4,4'-(di-5-nonyl)-2,2-bipyridine were pur-
ified and prepared as detailed in previous reports.** n-Butyl acrylate and
methyl methacrylate (Acros) were stirred over calcium hydride and distilled
before use. Allyl 2-bromoisobutyrate (Aldrich) and 2-methyl-1,4-naptho-
quinone (Aldrich) were used as received.

Characterization

"H NMR was conducted using a 300 MHz Bruker spectrometer using
the Tecmeg software package for data analysis. '"H NMR experiments were
all done in deuterated chloroform (CDCls). Size exclusion chromatorgraphy
was performed in HPLC grade tetrahydrofuran delivered using a Waters 515
isocratic pump, through PSS styragel columns with pore sizes 10°A, 10°A
and 10°A. A Waters 2410 differential refractometer was also employed to
detect elution of polymer products.

Synthesis of Vinyl-Terminated Polypropylene

The polymerization of propylene was performed in a 200 mL Buechi
glass reactor at constant temperature and propylene pressure, using a
[1,2-Bis-(n5-9-fluorenyl)-1-(R)-phenylethane]zirconocene dichloride catalyst.
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The autoclave was charged with 100 mL of dry toluene and 42.6 mL. of MAO
(1.5M in toluene; ratio Al:Zr=2000:1), heated to 70°C and charged with 5
bar propylene pressure.

Injecting 35 umol catalyst started the reaction. The propylene flow and
the temperature was controlled and monitored online. The polymerization
was stopped after 30 min by quenching with MeOH and the PP was pre-
cipitated by pouring the toluene solution into excess acidified MeOH. The
product was filtered of, washed exhaustively with MeOH and dried over
night at 40°C. The yield was 9.94 g which translates into a catalyst activity of
200kg PP/(Zr [C5] h).

Synthesis of 1-(2-Bromoisobutyryloxy)propyltetramethyldisiloxane

An oven dried 100 mL three-neck round bottom flask was cooled under
nitrogen and charged with both 1,1,3,3-tetramethyldisiloxane (42.7 mL;
241.5mmol) and allyl 2-bromoisobutyrate (5g; 24.15mmol). The flask was
then put into an ice bath and a mixture of Karstedt’s catalyst (0.096 mol/L;
5.03mL; 0.483 mmol) and 2-methyl-1,4-naphtoquinone (0.266 g; 0.966 mmol)
in xylene was then added dropwise, leading to a gold homogeneous solution.
The mixture was stirred under nitrogen at 30°C for 2 h, then at 50°C for 40 h.
The excess of tetramethyldisiloxane and the residual allyl 2-bromoisobuty-
rate were removed under reduced pressure (SmmHg) and high vacuum
(10~ "mmHg). Aliquots were removed after 1 and 2h of reaction 30°C and
after 2, 16, and 40h at 50°C.

Synthesis of 2-Bromoisobutyrate Functional Polypropylene Macroinitiator

A 50mL three-neck round bottom flask was backfilled with nitrogen
and charged with vinyl-terminated polypropylene (1.5g; 0.5mmol). The
polymer was dissolved into 3mL of xylene and 1-(2-bromoisobutyryloxy)-
propyltetramethyldisiloxane (7.71g; 2.5mmol). A mixture of Karstedt’s
catalyst (0.096 mol/L; 104.16 uL; 0.01 mmol) and 2-methyl-1,4-naphthoqui-
none (3.45mg; 0.02mmol) in xylene solution was then added dropwise,
leading to an orange homogeneous solution. An initial sample was removed,
and the mixture was stirred under nitrogen at 20°C for 1h, then at 50°C for
2h. Aliquots were removed after 30 and 60 min of reaction at room tem-
perature and after 2h at 50°C. The polymer was precipitated into 50 mL,
redissolved into 10 mL of anhydrous ether and filtered through a 0.2-um
filtration membrane. Ether was evaporated under reduced pressure and a
sample was removed for analysis. The polymer was dissolved again in 10 mL
of anhydrous ether and precipitated into 100 mL of methanol. The solvents
were then evaporated under low (10> mmHg) to high vacuum (10—’ mmHg)
for 2 and 4 h, respectively.
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Synthesis of Polypropylene-block-Poly(Methyl Methacrylate)

The polypropylene-based macroinitiator (0.671g; 1.16% of Br;
97.4 umol) in 2.1 mL of xylene, 1.042mL (9.74 mmol) of MMA and 45.5uL
of diphenyl ether (internal standard, 5% wt/monomer) were placed into a
sealed Schlenk flask and were deoxygenated by a bubbling of nitrogen for
30 min. The mixture was frozen into a liquid nitrogen bath and the Schlenk
flask was degassed and backfilled with nitrogen. Then, copper(I) chloride
(9.64mg; 97.4 pmol) and dNBipy (39.82mg: 97.4 umol) were added to the
frozen mixture and the flask was degassed and backfilled with nitrogen 3
times. The liquid nitrogen bath was removed and the mixture was stirred, as
it became a dark red liquid. An initial sample was removed and the mixture
was stirred at 90°C for 30h. Aliquots removed during the polymerization
after 30min 1, 2, 4, 6, 8, 20, and 30h of reaction. The dark viscous mixture
obtained was dissolved into SmL of THF and precipitated into 100 mL of a
MeOH for 12h at —15°C. The mixture was then filtered, leaving a white
powder that was dried under high vacuum (10—’ mmHg) for 4 h.

Synthesis of Polypropylene-block-Poly(n-Butyl Acrylate)

The polypropylene-based macroinitiator (530mg; 1.05% of Br;
69.6 umol) in 2mL of xylene and 1 mL (6.96 mmol) of BA were placed into a
sealed Schlenk flask and were deoxygenated by a bubbling of nitrogen for
30 min. The mixture was frozen into a liquid nitrogen bath and the Schlenk
flask was degassed and backfilled with nitrogen. Then, copper(I) bromide
(9.98 mg; 69.6 umol), dNBipy (28.5mg: 69.6 umol) and p-dimethoxybenzene
as an internal standard (44.6 mg; 5% wt. monomer) were added to the frozen
mixture and the flask was degassed and backfilled with nitrogen 3 times. The
liquid nitrogen bath was removed and the mixture was stirred, as it became a
dark red liquid. An initial sample was removed and the mixture was stirred at
90°C for 48 h. Aliquots removed during the polymerization after 1, 2, 4, 6, 8,
24 and 48 h of reaction. The dark viscous mixture obtained was dissolved into
S5mL of THF and precipitated into 100 mL of a MeOH /H,0 (80/20) for 12h
at —15°C. The polymer obtained was dissolved in 10 mL of ether and pre-
cipitated again into 100 mL of a MeOH /H,0 (80/20) for 12h at —15°C.

RESULTS/DISCUSSION
Synthesis of 2-Bromoisobutyrate Terminated PP

The starting material, vinyl-terminated PP, was prepared by coordina-
tion polymerization using a zirconocene catalyst with methyl aluminoxane
(MAOQ) as a cocatalyst. Key features of PP synthesized from this catalytic
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system was the low molar mass and presence of terminal vinyl groups at one
chain end of the polymer. Additionally, the atactic stereochemistry of the
backbone (isotacticity =32%), enabled facile dissolution of PP in a variety of
organic solvents. Molecular weight, assessed by '*C NMR and 'H NMR
(Fig. 1) from the integration ratio of carbon signals from the chain to carbon
signals from the double bond was determined to be M, nmr = 3,000 g/mol.
SEC measurements relative to linear polystyrene standards also indicated
comparable molar masses relative to NMR (M, =3,100; M,,/M,, =1.45),
indicating a high degree of functionality.

The attachment of 2-bromoisobutyrate groups as initiators for ATRP to
PP was conducted via hydrosilation reactions. Two general synthetic stra-
tegies were attempted. In the first route, vinyl terminated PP was reacted with
chlorodimethylsilane (CDS) via platinum catalyzed hydrosilation, followed
by reduction of the silyl chloride end-group via lithium aluminum hydride
(LiAIH,). The silane terminated PP (PP-SiH) was then reacted with allyl 2-
bromoisobutyrate (ABiB) via hydrosilation to incorporate ATRP initiating
groups (Sch. la). In the second route, a difunctional coupling agent, 1-(2-
bromoisobutyryloxy)propyltetramethyldisiloxane (BTDS, Sch. 1b), bearing
both silane (Si-H) and 2-bromoisobutyrate groups was first prepared by
hydrosilation using a large excess of volatile 1,1,3,3-tetramethyldisil-
oxane (TMDS). The macroinitiator for ATRP was then prepared by a
second hydrosilation reaction of vinyl terminated PP with the BTDS
(Sch. 1b).

(a) ‘

v TrrTerT UARRASRASESEERRY Exnes) TTrErTTTT
140 130 120 110 100 90 80 70 60 50 40 30 20 10 [

Figure 1. a) >*C NMR of vinyl-terminated PP prepared via zirconocene catalyzed processes;
b) "H NMR of vinyl-terminated PP prepared via zirconocene catalyzed processes.
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Figure 1. Continued.
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Scheme 1. (a) Synthesis of 2-bromoisobutyrate functional PP macroinitiator by hydrosilation
of vinyl terminated PP, reduction of silane functional PP and second hydrosilation reaction
with allyl 2-bromoisobutyrate; (b) Synthesis of PP macroinitiator via synthesis of 1-(2-bromo-
isobutyryloxy)propyltetramethylsiloxane followed by hydrosilation with vinyl terminated PP.



11: 47 24 January 2011

Downl oaded At:

908 MATYJASZEWSKI ET AL.

Of the two approaches to prepare PP macroinitiators, the second
route (Sch. 1b) was more successful. Difficulties were encountered in the first
route to prepare the macroinitiator due to low yields for reactions with
PP. While the first hydrosilation reaction of vinyl teriminated PP with
chlorodimethylsilane (CDS) proceeded to completion, the reduction step to
transform the chlorosilyl group (Si-Cl) to the silane (Si-H) was difficult to
optimize, resulting in yields less than 80%. For this reason, a difunctional
silane (BTDS, Sch. 1) was first prepared by the hydrosilation of 1,1,3,3-
tetramethyldisiloxane (TMDS) with ABiB in the presence of Karsedt’s
catalyst and 4-methylnapthylquionone (MNQ) [22]. The hydrosilation
reaction apparently proceeded to high conversion (>95%) as determined
from 'H NMR. The second hydrosilation step of BTDS with vinyl
terminated PP was then performed and complete consumption of vinylic
protons from PP at §=5.8 and 5.0 ppm was also observed from ' H NMR
(Fig. 2).

ATRP of Methyl Methacrylate Using PP Macroinitiators

To incorporate polar segments to the PP macroinitiator, the ATRP of
MMA was conducted. To maximize the efficiency of blocking, the halogen
exchange technique via ATRP was employed where the 2-bromoisobutyrate

9.

|
T4 A l
)‘ Id Y {v\'ib“})m

Wv«wwwwﬁwrfﬂmwmﬁww W’

2.00

_|—1_1—T‘r—r‘1"11!|l|:lltlplil|\|)|I‘r|111|‘|||l|'1|1|4|x|x‘nr||1|cl||
6.00 5.00 4.00 3.00 2.00 1.00 -0.0

Figure 2. '"H NMR of 2-bromoisobutyrate functional PP macroinitiator synthesized by
hydrosilation of vinyl terminated PP and BTDS.
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functional macroinitiator was chain extended with MMA using a copper(l)
chloride (Cu(I)Cl) based catalyst system. To insure proper activity and
homogeneity, 2 molar equivalents of 4,4’-di(5nonyl)-2,2'-bipyridine (dNbpy)
relative to Cu(I)Cl was added to solubilize the complex.

After 30h at 90°C, the polymerization mixture remained dark red and
homogeneous throughout the process. Monomer conversion was deter-
mined to be 81% ("H NMR and GC) and molar mass was analyzed using
SEC M,,=6,770; M,,/M,, =2.30). SEC traces (see Fig. 3) of various kinetic
samples taken during the chain extension of PP progressively shifted toward
higher molecular weight with increasing conversion. However, a low molar
mass peak was observed in the chromatogram due to unreacted PP. The
significant amount of residual macroinitiator was attributed to a low degree
of functionality of PP with 2-bromoisobutyrate groups. Elemental analysis
of the PP macroinitiator revealed that the content of bromine was 1.16
wt%, indicating that less than the half of the polypropylene chains were
end-functionalized with a Br-based initiating group before performing
ATRP. This could be due to incomplete functionalization of PP in the
initial preparation of vinyl-terminated PP, as the subsequent hydro-
silation step to attach 2-bromoisobutyrate groups appeared to reach full
conversion.

Despite the presence of unreacted PP in the final PP-5-PMMA product,
isolation of the pure block copolymer was attained by selective extraction of

PP macroinitiator
Mn = 3,100

Mw/Mn =1.45

‘ Mn = 5,940; Mwan =2.02
'l 44% conversion
1

~PP-b-PMMA
Mn = 8,980; Mwan = 2.61

r
]

‘: 61% conversion
|

1

|

]

102 10° 10* 10° 10°
Molar Mass

Figure 3. SEC chromatograms of block copolymers prepared by the ATRP of MMA from
2-bromoisobutyrate functional PP.
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Purified PP-b-PMMA
Mn = 28,320; MWIMn =1.12

Pl PP and PP-b-PMMA
s extracted with ether
) ~~_ M =3,690;M /M =208

Crude PP-b-PMMA
with residual PP
Mn = 8,980; Mwan = 2.61

10° 10* 10° 10° 10’
Molar Mass

Figure 4. SEC chromatograms of crude PP-5-PMMA (M, =6,770; M /M, =2.30) with
unreacted PP (M, =3,100; M,,/M, = 1.45). After washing of the crude product with diethyl
ether, residual PP extracted away from PP->-PMMA (M,, =22,200; M,,/M, = 1.14).

residual homopolymer using diethyl ether. SEC of the product before and
after extraction clearly demonstrate the ability to purify the block copolymer
using this approach (Fig. 4). Polydispersity of the final PP-b-PMMA
(M,, =22,200) was as low as M,/M,, = 1.14 , confirming that the control over
the polymerization was present despite inefficient blocking."H NMR analysis
of the fractionated block copolymer also confirmed the presence of both PP
(25 mol%) and PMMA (75 mol%) segments (Fig. 5).

ATRP of n-Butyl Acrylate Using PP Macrointiator

Polyacrylate segments were also incorporated into PP by the ATRP of
n-butyl acrylate (BA). Unlike the ATRP of MMA from the 2-bromoisobu-
tyrate functional PP, a copper(I)bromide (Cu(I)Br) based catalyst was used
in conjunction with dNbpy. In this case, the halogen exchange process was
not necessary due to favorable matching of tertiary alkyl halides as initiators
(e.g., a-halo esters) for the ATRP of acrylate monomers [25—27].

After 48h, a monomer conversion of 61% was observed in the poly-
merization and SEC of the final product revealed a molar mass of
M, =4,530; My /M, =2.08. As for the ATRP of MMA, SEC of PP-h-PBA
revealed bimodality corresponding to both extended block copolymer and
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Figure 5. '"H NMR of purified PP->-PMMA (M, = 22,200; M,/M,, = 1.14).

PP macroinitiator
Mn =3,100

M/M =145
w n

() M =3740;M /M =176
| 36% conversion
¥

Molar Mass

Figure 6. SEC chromatograms of PP-b-PBA prepared by the ATRP of BA from 2-bromo-
isobutyrate PP macroinitiator.
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unreacted macroinitiator (Fig. 6). Selective extraction of residual PP was not
possible as for the PP-5-PMMA copolymers due to comparable solubilities of
low molar mass PP and PBA containing polymers. However, the clear shift of
M.k towards high values indicate that functionalized chains did grow to
higher molar mass, enabling incorporation of the polar PBA segment to the
material. This observation is consistent with previous reports that 2-bromo-
isobutyrate functional polymers can initiate the ATRP of both acrylate and
methacrylate monomers to prepare block copolymers.**

CONCLUSION

The synthesis of polypropylene block copolymers containing polar
poly(meth)acrylates was conducted. By the hydrosilation of vinyl terminated
PP with silanes containing 2-bromoisobutyrate groups, polyolefins macro-
initiators for ATRP were prepared. This approach enables a wide range of
polar (meth)acrylate monomers to be incorporated to nonpolar macro-
initiators in a versatile fashion. In particular, the ability to synthesize both
PP-6-PMMA and PP-5-PBA was demonstrated.
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