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Abstract: The regioselective functionalization of both model and commercial polypropylenes of varying
tacticity has been conducted by a rhodium-catalyzed functionalization of the methyl C—H bonds of the
polymer with diboron reagents. Rhodium-catalyzed borylation of the polypropylenes, followed by oxidation
of the boron-containing material, produced polymers containing 0.2—1.5% hydroxymethyl side chains. Both
the number-average molecular weights and molecular weight distributions of the polypropylenes were
essentially unchanged after the catalytic and oxidative functionalization process. The efficiency of the
borylation process was affected by the molecular weight of the polymer, the steric hindrance around the
methyl groups, and the ratio of the diboron reagent to the monomer repeat unit. The hydroxylated derivative
of the commercial isotactic polypropylene was used as macroinitiator for the aluminum-mediated ring-
opening polymerization of e-caprolactone to prepare polypropylene-graft-polycaprolactone. This graft
copolymer was an effective compatibilizer for melt blends of polypropylene and polycaprolactone.

Introduction polar comonomer¥ While additives such as methylaluminox-

) ) ) ane can improve the resistance of the catalyst to deactivatién,
Polyolefins are the most widely used commercial polymers ,nctignalized copolymers can be obtained using traditional

because of their combination of favorable chemical and physical ;ata1ysts only if the reactivity of the functional group in the
properties, processability, and production from iNeXpensive ,,nomer is low. Less oxophilic, late transition metal catalysts
feedstocks. Currently, polyolefins constitute nearly 60% of all have been sought to improve the copolymerization of olefins
polymers produce#lAlthough prepared on an enormous scale, it polar monomera® 26 However, these catalysts exhibit
the.appl|cat|on of thesg polymeric hydroca.rbons. is limited by 4 qest activity for copolymerization with polar monomers,
their low surface energies and poor adhesion with more polar ro|aive to that observed for the homopolymerization of un-

i 5 i 1 . . .
materials, metals, and _glaéit The effective preparation of ¢, tionalized olefins. Further, the number-average molecular
polypropylene blends vx_nth polar macromolecules often requires weight (My,) of the polymer decreases with increasing incorpora-
the addition of polyolefin block or graft copolymers to prevent i\ ot the polar monome®25-2” The polymerization of olefins
macrophase separatibrt. Therefore, the synthesis of polyole- 155 5150 been explored in the presence of chain transfer agents,
fins, particularly polypropylene, with polar side chains has been ¢, as a boraré silane2® allylbenzené® vinyl chloride 3L or
actively pursued: 13

Polypropylene is synthesized using highly electrophilic early (14) Brintzinger, H. H.; Fischer, D.; Mbaupt, R.; Rieger, B.; Waymouth, R.

wansition metal catalysté, 2 which are typicaly poisoned by o M. Agew Chem i €6 crdosead 1 L
1999 38, 428. .
+ Yal_e Un_iversity_. (16) gzcgages, G. W.; Hustad, P.; Reinartz ABgew. Chem., Int. E002 41,
: University of Minnesota. _ o (17) Alt, H. G.; Képpl, A. Chem. Re. 200Q 100, 1205.
Current address: Department of Chemistry, University of Nevada Las (18) Coates, G. WChem. Re. 200Q 100, 1223.
Vegas, 4505 Maryland Parkway, Las Vegas, Nevada, 89154-4003. (19) Resconi, L.; Cavallo, L.; Fait, A.; Piemontesi, Ghem. Re. 2000 100,
(1) Albizzati, E.; Galimberti, M.Catal. Today1998 41, 159. 1253.
2) ga‘ntz%sd]:].sl\él.;‘lii)bleiro, M. R.; Portela, M. F.; Bordado, J.Qiem. Eng. g% ghﬁn, E. \E-X[.__;tharksé"I;/.l JChem.I Re.l 23?8(91512(; Eé%%’,
ci. , . altonen, P.; Lgren, B.Macromolecule , .
(3) Zhou, X.; Dai, G.; Guo, W.; Lin, QJ. Appl. Polym. Sci200Q 76, 1359. (22) Aaltonen, P.; Fink, G.; Tfgren, B.; Seppld, J. Macromolecule4996 29,
(4) Nové, I.; Florian, S.J. Mater. Sci.2001, 36, 4863. 5255.
(5) Vainio, T.; Jukarainen, H.; SepigaJ.J. Appl. Polym. Scil996 59, 2095. (23) Johnson, L. K.; Mecking, S.; Brookhart, Nl. Am. Chem. S0d.996 118
(6) Macosko, C. W.; Glgan, P.; Khandpur, A. K.; Nakayama, A.; Marechal, 267.
P.; Inoue, T.Macromolecules1996 29, 5590. (24) Younkin, T. R.; Connor, E. F.; Henderson, J. |.; Friedrich, S. K.; Grubbs,
7) Egagé ?7 %J;l‘%me, R.; TeyssSieP.J. Polym. Sci., Part B: Polym. Phys. (25) Féblalgo?agslgbeyé %kﬁsc‘}enﬁﬁggadzeszo?% - Hwang. S.- Grubbs. R
| 775. , E. F.; Younkin, T. R,; rson, J. I.; Hwang, S.; Grubbs, R.
(8) Hallden, A.; Ohlsson, B.; Wesste B. J. Appl. Polym. Sc00Q 78, 2416. H.; Roberts, W. P.; Litzau, J. J. Polym. Sci., Part A: Polym. Chem.
(ig)) \éo%le, 8 ';shr(rillwick Féprﬁ%hpowngé 3%33 915(111’ 174777é (26) 2coho g 4% 2?442'x S.; Guan, 2. Am. Chem. S0@003 125 6697
offa, L. S.; Novak, B. MChem. Re. . en, G.; Ma, X. S.; Guan, 4. Am. Chem. So .
(11) Ittel, S. D.; Johnson, L. K.; Brookhart, MChem. Re. 200Q 100, 1169. (27) Gibson, V. C.; Tomov, AJ. Chem. Soc., Chem. Comm@001, 1964.
(12) Chung, T. CProg. Polym. Sci2002 27, 39. (28) Xu, G.; Chung, T. CJ. Am. Chem. S0d.999 121, 6763.
(13) Boaen, N. K.; Hillmyer, M. AChem. Soc. Re, submitted. (29) Koo, K.; Fu, P.-F.; Marks, T. Macromoleculesl999 32, 981.
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Scheme 1.

Regiospecific Functionalization of Poly(ethylene-alt-propylene) and Polypropylene
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thiophene®? to generate materials with functionality in the end

reactions'? Moreover, the regiospecific functionalization of

group. However, this method is limited because only one polypropylene to produce a material with polar side chains has

functional group is installed into the polymer. The polyethylene

and polypropylene derivatives generated with borane-function-

not been reported. We previously reported an example of the
selective functionalization of a model polyolefin, poly(ethyl-

alized comonomers and borane reagents as chain transfer agentthylene) (PEE}? using rhodium-catalyzed functionalization of
by Chung and co-workers are the most similar materials to thosealkane G-H bonds with borane reagefttin the melt. However,

produced by the chemistry presented H8i#8:36
An alternative approach installs polar functionality into

extension of this methodology to polypropylene functionalization
is not straightforward. First, the borylation is sensitive to steric

polypropylene by chemical modification of the polymer. Current hindrance. For example, the rhodium-catalyzed borylation of
strategies to functionalize polyolefins have relied on highly 2-methylheptane occurred preferentially at the less hindered
reactive carbon-based radicals because of the inherently lowmethyl group, and the reaction of methylcyclohexane occurred
reactivity of polyolefins3” Specifically, the modification of more slowly and in lower yield than the reaction of a linear
polypropylene has been conducted on an industrial scale by thealkane** Second, the efficiencies of the borylation of polymer

free-radical grafting of maleic anhydride onto the polymer
backbone®-40 Unfortunately, the grafting process is ac-
companied by side reactions, suchjascission, chain transfer,

and coupling reactions, which alter the molecular weight
distribution and ultimate properties of the functionalized
polymer4941Significant chain scission compromises mechanical

substrate® are lower than those of the borylation of linear
alkanes’* presumably due to the viscosity of the polymer. Thus,
the steric hindrance of the methyl groups and the high melt
viscosity of polypropylene make the selective borylation of this
substrate challenging.

We present our recent success in the regiospecific function-

properties, and extensive coupling or cross-linking can render alization of the methyl side chains of a series of polypropylenes,
a material impossible to process. Consequently, the developmentncluding a model polypropylene copolymer, poly(ethyleie-
of a methodology for the selective functionalization of com- propylene) (PEP), a model atactic polypropylene (aPP-1), and
modity polyolefins, which does not alter the molecular weight a series of commercial polypropylenes with varying tacticities,
or polymer architecture, would allow for the preparation of by the rhodium-catalyzed borylation and subsequent oxidation
functionalized polyolefins without the need to develop highly shown in Scheme 1. This process generates polypropylenes with
active catalysts that both tolerate and incorporate functionalizedhydroxyl groups placed exclusively at the termini of the side
comonomerg? chains. Further, we report the synthesis of polypropy/gradt
Efforts toward the modification of polypropylene have had polycaprolactone (iPB-PCL) by ring-opening polymerization
limited success due to the aforementioned competitive side of e-caprolactone (CL) from hydroxylated isotactic polypropyl-
ene and the use of this graft copolymer to compatabilize blends
of immiscible polymers.

(30) Byun, D.-J.; Kim, S. YMacromolecule00Q 33, 1921.

(31) Boone, H. W.; Athey, P. S.; Mullins, M. J.; Philipp, D.; Muller, R.; Goddard,
W. A. J. Am. Chem. So@002 124, 8790.

(32) Ringelberg, S. N.; Meetsma, A.; Hessen, B.; Teuben, J. Am. Chem.
So0c.1999 121, 6082.

(33) Chung, T. C.; Rhubright, DMacromolecules1991, 24, 970.

(34) Chung, T. C.; Rhubright, D.; Jiang, G.Macromolecule4993 26, 3467.

(35) Chung, T. C.; Xu, G.; Lu, Y.; Hu, YMacromolecule2001, 34, 8040.

(36) Chung, T. C.; Rhubright, DMacromoleculesl994 27, 1313.

(37) Borsig, E.J. Macromol. Sci., Pure Appl. Cherh999 A36, 1699.

(38) Rdzsch, M.; Arnold, M.; Borsig, E.; Bucka, H.; Reichelt, Rrog. Polym.
Sci. 2002 27, 1195.

(39) Assoun, L.; Manning, S. C.; Moore, R. Bolymer1998 39, 2571.

(40) Gaylord, N. G.; Mishra, M. KJ. Polym. Sci., Polym. Lett. EA983 21,
23

Results and Discussion

1. Model Studies with Low-Molecular-Weight Poly-
(ethylenealt-propylene). We prepared a model low-molecular-
weight poly(ethylenealt-propylene) of narrow polydispersity
index (PDI) (PEP,M, = 8.4 kg/mol, My/M, = 1.07) to
investigate the ability of the rhodium-catalyzed chemistry to

(43) Kondo, Y.; Garcia-Cuadrado, D.; Hartwig, J. F.; Boaen, N.; Wagner, N.
L.; Hillmyer, M. A. J. Am. Chem. So@002 124, 1164.

(44) Chen, H.; Schlecht, S.; Semple, T. C.; Hartwig, JSEience200Q 287,
1995.

(41) RLisseII, K. EProg. Polym. Sci2002 27, 1007.
(42) Chung, T. C.; Rhubright, Dl. Polym. Sci., Part A: Polym. Cherh993
31, 2759.
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Table 1. Functionalization of Poly(ethylene-alt-propylene) (PEP) at 185 °C?&

PEP-Bpin PEP-OH
[monomer]y/ yield® OHf efficiency?
entry Rh catalyst [Baping]o? Mye PDI? (%) My¢ PDI? (%) (%)

1 (Cp*RhCb), 20 8.4 11 57 8.6 11 1.3 26
2 " 10 8.5 11 69 8.6 1.1 1.4 14
3 Cp*Rh(GH.)> 20 8.5 1.2 58 8.4 11 1.0 20
4 " 10 8.5 11 79 8.5 1.2 1.5 15
5 Cp*Rh(*-CsMeg) 20 8.5 11 70 8.8 11 1.4 28
6 " 10 8.6 11 78 8.7 1.1 1.7 17

a Starting materiaM, = 8.4 kg/mol, PDI= 1.1, 5 mol % Rh catalyst loading relative ton,. ? Bopin, = bis(pinacolato)diborort M, = number-
average molecular weight in kg/mol determined by size exclusion chromatography with THF as eluent. Values are relative to polystyrened$@idards.
= polydispersity indexvl,/Mn. € Yield of borylated polymer obtained after separation from the unfunctionalized polymet.% of CHOH relative to
methyl side chaing? Efficiency of functionalization (the percentage of hydroxyl groups in the final polymer relative to Abie,Badded).

functionalize methyl groups in a material related to polypro- (CHsz)—] units is consistent with a selectivity for functionaliza-
pylene. The model poly(ethylerat-propylene) was synthesized tion of the methyl groups of the polyolefin that mirrors the
by a process that combines anionic polymerization of polyiso- regiospecific functionalization of low-molecular-weight al-
prene with catalytic hydrogenatidh.The narrow PDI of the kanes*
model polyolefin allows for the identification of side reactions, Integration of the'H NMR spectrum of the sample in entry
such as chain coupling or chain cleavage, by using size exclusions showed that ca. 1.4 mol % of the methyl side chains had
chromatography (SEC) to monitor changes intheor PDI of been functionalized with a hydroxyl group. With a polymer
the polymer. containing about 70 repeat units, this level of functionality
A. Synthesis and Characterization of Borylated and  corresponds to approximately 1.7 hydroxyl groups for each of
Hydroxylated Poly(ethylenealt-propylene). The borylation of  the polymer chains and about 0.6 hydroxyl groups per 100
neat PEP with bis(pinacolato)diborono{Bn,) was first con-  packbone carbons. The maximum efficiency of the sequence
ducted under the same conditions that led to the borylation of of borylation and oxidation of PEP, defined by the mole ratio
PEE: 150°C for 60 h with 2.5 mol % of (Cp*RhG). as of hydroxymethyl groups relative to the initial concentration
catalyst. The borylated PEP (PEP-Bpin) was separated from theof Bpin,, was 28%.
unfunctionalized material using column chromatography, as g Molecular Weights of the Borylated and Hydroxylated
described previously for the functionalization of PE&Jnder PEP. The molecular weights of the functionalized polymers
these conditions, the borylated polymer was obtained in only PEP-Bpin and PEP-OH were determined by SEC. As shown in
10-20% yield based on polymer mass, and the majority of the Tapje 1, SEC of the functionalized polymers indicated that the
polymer remained unfunctionalized. Therefore, we studied the sequence of rhodium-catalyzed borylation and oxidation did not
borylation of PEP with several rhodium catalysts at higher gjgnificantly alter theM, or the PDI of the starting material.
temperatur.e of 188C in efforts to improve the product yields. Only a small amount of coupled byproduct was identified by
As shown in Table 1, reactlpns of the neat polymer at 485 SEC (Figure 1). Small levels of coupling generally do not
in the presence of catalytic amounts of Cp*RhCeMe) negatively affect the performance of materi&l48 Most im-
provided 76-80% yield of borylated polymer. portant, no chain scission, which is generally observed during
'H, 1C, and"'B NMR spectroscopy of the borylated polymer  free-radical modification of polypropylene, was observed after
obtained after column chromatography clearly showed that the the rhodium-catalyzed borylation and subsequent oxidation.
bory| group was installed exclusively at the methyl position of To our knowledge, only one other system leads to function-
the side chains. TheH NMR. spectrum contained a new alization of PEP without chain degradatitfThis alternative
resonance a 1.251correspond|ng to the me_th_yl groups of the functionalization occurs with a manganese porphyrin complex
Bpin group. The SC_ NMR_ spectrum exh.|b|ted WO NeW 4 a water soluble oxidant in a two-phase process. This
chemical shifts of low intensity that were assigned to the methyl o, 4o10gy introduces tertiary alcohols and ketones into the

garbons and Quﬁ“emsg carbons of the Bpin grglji)dm gnd q polymer backbone and does not lead to functionalization of the
83, respectively. Thé!B NMR spectrum contained a broa side chain methyl groups.

resonance ai 34, which is characteristic of an alkyl-Bpin group. . . . o .
The isolated PEP-Bpin was treated with basic hydrogen 2. Regioselective Functionalization of Atactic Polypropyl-
enes.Encouraged by the selective modification of PEP, we

peroxide in a mixture of THF and @ to oxidize the boronate . . L
. . conducted the rhodium-catalyzed functionalization of a model
esters to their corresponding alcohols (Table 1). The hydroxyl- . . . L
atactic polypropylene with a narrow molecular weight distribu-

ated polymer was isolated by column chromatography on silica tion (aPP-1Mj = 44 kg/mol, PDI= 1.2) prepared by anionic

el. The'H NMR spectrum of the isolated hydroxylated PEP o . .
?PEP-OH) containg d a doublet at3.55 for )'Ehe rri/ethylene polymerization of 2-methyl-1,3-pentadiene, followed by catalytic
' hydrogenatiort® For comparison, we also investigated the

E;?\g;ﬁeo; t{;‘zi:y?é?g;itgxlcg;;g ;‘grn?hTfneNt';]A Tei%eggfbn;n functionalization of a commercial aPP with a broader molecular
g y weight distribution (aPP-2y1, = 16 kg/mol, PDI= 2.3).

attached to the hydroxyl group. These chemical shifts agree with
those for a structurally similar, low-molecular-weight primary

(46) Pouchert, C. J.; Behnke, The Aldrich Library of'3C and'H FT NMR

alcohol, 2-ethyl-1-butandf The absence of signals correspond- Spectra 1st ed.; Aldrich Chemical Co., Inc.: 1993; Vol. 1.

i — i - (47) Vaillant, D.; Lacoste, J.; Dauphin, @olym. Degrad. Stall994 45, 355.

ing to secondaryfCH(OH)—] or tertiary alcohol {-C(OH) (48) Niki, E.; Shiono, T.; Ido, T.; Kamiya, YJ. Appl. Polym. Sci1975 19,
3341.

(45) Gotro, J. T.; Graessley, W. Wlacromolecules984 17, 2767. (49) Boaen, N. K.; Hillmyer, M. AMacromolecule003 36, 7027.
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Table 2. Functionalization of Polypropylenes at 200 °C

(monomerl/ PP-Bpin® PP-OH?
entry Ppa M2 MM, [Bapinglo M2 MM, M,P MM, OHe (%) efficiency’ (%)
1 aPP-1 44.0 1.2 10 46.6 1.3 43.7 1.3 0.70 7.0
2 aPP-1 44.0 1.2 10 48.5 1.2 47.3 1.2 0.79 7.9
3 aPP-2 16.1 2.3 33 15.5 25 16.5 2.4 0.68 23
4 aPP-2 16.1 2.3 20 15.8 25 16.1 25 1.2 24
5 aPP-2 16.1 2.3 10 16.7 2.3 16.3 2.6 1.3 13
6 iPP-1 17.8 2.1 33 15.8 2.1 15.8 2.2 0.76 25
7 iPP-1 17.6 2.1 20 13.9 2.2 17.6 2.1 1.3 26
8 iPP-1 17.8 2.1 10 15.3 2.4 14.4 2.1 1.5 15
9 iPP-2 66.8 3.8 20 58.2 3.0 53.3 2.7 0.27 5.4
10 sPP-1 408 2.4 33 37.6 2.4 37.4 2.4 0.22 7.3
11 sPP-1 408 2.4 10 34.4 2.3 39.9 2.4 0.35 3.5
12 sPP-2 662 3.3 20 54.3 2.7 63.0 3.1 0.31 6.2

aaPP= atactic polypropylene; iPB isotactic polypropylene; sPR syndiotactic polypropylené.Number-average molecular weightl) measured in
THF reported in kg/mol relative to polystyrene standards unless otherwise spetRieeBpin= borylated polypropylene! PP-OH= hydroxyl-containing
polypropylene & mol % of CHOH side chains to unfunctionalized side chafrfficiency as defined in Table E.Determined with high-temperature size
exclusion chromatography, in units of kg/mol relative to polystyrene standards in 1,2,4-trichlorobenemenol % Cp*Rh(GH.), used as catalyst for
the borylation step.

of the oxidized product aPP-1-OH contained a new broad
resonance ab 3.51, and thé*C NMR spectrum contained a
new resonance ai 67 corresponding to the hydroxymethyl
group. Thel®C NMR resonance at 67 is consistent with the
value calculated from th&*C NMR chemical shifts of 4-hy-
droxymethyl-2,6-dimethylheptartéIntegration of théH NMR
spectra of aPP-1-OH showed that 01079 mol % of the

© methyl groups of aPP-1 had been converted to hydroxymethyl
groups (Table 2, entries 1 and 2). A value of 0.70 mol %

(b) corresponds to three hydroxyl groups per chain or 0.18 hydroxyl
groups per 100 backbone carbons.

@) To gain additional evidence that the functional groups were

covalently bound to the polymer, the high-molecular-weight
fraction M, > ca. 10) of a representative sample of aPP-1-
0 OH (Table 2, entry 1) was collected using preparative SEC.
) ) ) NMR spectroscopy of the high-molecular-weight fraction
i’%"_f fD‘DIS:'ZE.iic(lg)s'lgg;t‘é%m?tﬁlong:rag_‘s(‘lgg:i’?"l{ ';Eéf?cr)(g)efgr[{ showed that 0.68 mol % of the monomers contained hydroxy-
[M, = 8.8, PDI= 1.1] (Table 1, entry 5)M, relative to polystyrene methyl groups, which matches the mol % of functionalized

standardsMn» = number-average molecular weight; PBIpolydispersity methyl groups in the unfractionated sample in entry 1 of Table
index; PEP= poly(ethylenealt-propylene); PEP-Bpir= borylated poly- 2
(ethylenealt-propylene); PEP-OH= hydroxylated poly(ethylenad-pro-

| | | |
22 24 26 28
Elution Volume (mL)

w

As shown in entries 1 and 2 of Table 2, thMy and PDI

pylene). )
values of both the borylated polymer aPP-1-Bpin and the
A. Functionalization of a Model Atactic Polypropylene. hydroxylated polymer aPP-1-OH were virtually the same as
The rhodium-catalyzed reaction of the model aPP-1 wigh B those of the unfunctionalized polymer aPP-1 (Figure 2). These
pin, was conducted in the presence of 5 mol % Cp*RFCs- results demonstrate that the regiospecific, rhodium-catalyzed

Meg) at 200°C for 24 h. The borylated polymer (aPP-1-Bpin) functionalization and subsequent oxidation of a model polypro-
was isolated in 96% vyield based on the mass of the starting Pylene occur without changing the molecular weight from that
aPP-1, after column chromatography. The&NMR spectrum of the starting polymer.

of the borylated material contained a sharp singled at23 B. Functionalization of a Commercial Atactic Polypro-

that corresponded to the methyl protons of the Bpin group. This Pylene. The functionalization of a commercially produced
signal was not fully resolved, so the degree of borylation could atactic polypropylene (aPP-®}, = 16.1 kg/mol, PDI= 2.3)

not be determined directly by integration of thel NMR was conducted by the sequence of rhodium-catalyzed borylation
spectrum. Theé3C NMR spectrum contained two new reso- and oxidation optimized for the functionalization of aPP-1. The
nances at 25 andd 83, corresponding to the methyl and Porylated material (aPP-2-Bpin) was purified by filtering through
quaternary carbons of the Bpin group, respectively. Tige a short plug of Celite and a short plug of silica gel to remove

NMR spectrum of the borylated product contained a broad the remaining catalyst and small-molecule impurities. e

of aPP-1-Bpin.

Reaction of the borylated aPP-2-Bpin with basic hydrogen
peroxide generated the hydroxylated aPP-2-OH. Extraction into
hexanes and ethyl acetate and filtration through a short plug of

Oxidation of aPP-1-Bpin with hydrogen peroxide under basic
conditions gave the corresponding hydroxyl-containing polypro-
pylene aPP-1-OH in an overall yield of 73% based on the mass
of the starting unfunctionalized polymer. THeé NMR spectrum

(51) Presch, E.; Clerc, T.; Seibl, J.; Simon, WQhemical Laboratory Practice
(50) Zhongde, X.; Mays, J.; Xuexin, C.; Hadjichristidis, N.; Schilling, F. C.; Fresenius, W., Huber, J. F. K., Pungor, E., Rechnitz, G. A., Simon, W.,
Bair, H. E.; Pearson, D. S.; Fetters, LMacromolecule4985 18, 2560. West, T. S., Eds.; Springer-Verlag: Berlin, 1989; pp C10.
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like the borylation of the model PEP, reactions of the polypro-
pylenes catalyzed by Cp*Rh§B,), and Cp*Rh{*-C¢Meg) led

to the generation of a higher degree of functionalization than
did those catalyzed by (Cp*Rhg}3. This higher reactivity is
likely to be due, in part, to the greater solubility of the arene
and olefin complexes in the hydrocarbon polymer melts than
that of the rhodium chloride. A change in the concentration of
Cp*Rh(7*-CsMes) from 5 to 10 mol % did not affect the degree
of functionalization.

(®) The functionalization of the stereoregular polyolefins occurred
at 200°C over the course of 30 h with 5 mol % Cp*RH{Cs-
@) Mesg) and 10 equiv of monomer repeat unit relative tgpid,.
Reactions of iPP-1 occurred with the highest degree of func-
. 2 2 - % tionalization and were studied in the greatest depth (Table 2).
Elution Volume (mL) After the functionalization reaction, the crude borylated stereo-

Figure 2. Size exclusion chromatogram (10 mg/mL THF) for (a) aPP-1 regular po'Ym_erS were _d_i330|V9d in hot toluene, ar_“:! th_e low-
[M, = 44.0, PDI= 1.2], (b) aPP-1-BpinNl, = 46.6, PDI= 1.3], and (c) molecular-weight impurities were removed by precipitation of

aPP-1-OH M, = 43.7, PDI= 1.3] (Table 2, entry 1)My relative to poly-  the polymer in cold methanol. The isolated borylated polymer
styrene standards. aPPR=latactic polypropylene; aPP-1-Bpinborylated th idized i it f THE ® with basi

atactic polypropylene; aPP-1-OH hydroxylated atactic polypropylene; was then oxi 'Z_e n a_ mixture o a_md2 Wi asic )
Mn = number-average molecular weight; PBlpolydispersity index. hydrogen peroxide to give the corresponding hydroxyl-contain-

ing polypropylenes. Because the borylated stereoregular polypro-
silica gel removed any traces of boric acid and gave the pure, pylenes of high molecular weight (iPP-2-Bpin, sPP-1-Bpin, and
hydroxylated aPP-2 (aPP-2-OH) in 790% yield for the sPP-2-Bpin in Table 2) were essentially insoluble in THF, the
combination of borylation and oxidation. The NMR spectra of oxidations of these polypropylenes with basic hydrogen peroxide
the isolated aPP-2-OH were similar to those of aPP-1-OH. were conducted with the materials suspended in a mixture of
Integration of the'H NMR spectrum of the sample generated THF and water as fine particlé3.The hydroxylated high-
from a 10:1 ratio of monomer to diboron compound showed molecular-weight stereoregular polypropylenes were washed
that 1.3% of the side chains had been converted to hydroxy-with distilled water to remove any residual boric acid, redis-
methyl groups. This value corresponds to an average of 5solved in hot toluene, and then isolated by precipitation in

hydroxyl groups per chain or 0.7 hydroxyl groups per 100 methanol. The mass recovery of this reaction was typically
backbone carbons and is greater than that obtained for the mode}reater than 97%, based on the weight of the starting unfunc-

aPP. Characterization of the functionalized materials by SEC tjonalized polymer.
again showed that the borylation and oxidation did not lead to

a changf_e in molecular we_|ght parameters. synthesis of functionalized isotactic polypropylene on relatively
The high-molecular-weight fractionM, > ca. 10) of a large scales. For example, this procedure was conducted on

fsample Olf' mster!aﬂ (;]or(ljtainir:g 0.82 mol % of the .sio:e Cgag‘s 100 g of iPP-1. Results from reactions on this scale paralleled
unctionalized with hydroxyl groups was again isolated by 456 optained from reactions on a smaller scale (see Experi-

H 1

preparative SEC and analyzed Hy NMR spectro_scopy.l—_l mental Section in the Supporting Information for details).

NMR spectroscopy showed that 0.84% of the side chains of The effects of the choi f the b t and the rati

the high-molecular-weight fraction were functionalized with ; € efiects ot the choice of the ork(])norleagen ?? _erallo

hydroxyl groups, and the similarity of the degree of function- © B2pinz to monomer repeat unit on the degree of functional-

alization before and after separation by molecular weight again ization of the ster_eore_gulgr pol_ypro_pylenes were investigated.

indicates that the hydroxyl groups are covalently attached to The level of functionalization with pinacolborane as the boron
reagent was lower than that with bis(pinacolato)diboron. In

the polymer. - . . .
addition, reactions with a 0.10 ratio ofydn, to monomer

3. Functionalization of Commercial Semicrystalline f 4 ol ith twice the d ff ionalizati
Polypropylenes. A. Synthesis of Borylated and Hydroxylated ormed polymer wit twmg the egree o unctiona |zqt|on as
reactions with a 0.030 ratio of Bin, to monomer (entries 6

Isotactic and Syndiotactic PolypropylenesThe sequence of . .
polypropylene borylation and oxidation was extended to PP and 8 of Table 2). Reactlpns conducted with even Iarger amounts
materials that are semicrystalline. While the favorable physical Of Poron reagent, relative to monomer repeat unit, did not

properties of the stereoregular, semicrystalline polypropylenes generate materla_ls W|t_h more than 1% functionalized side chglns.
make these materials more important commercially, we were Consequently, high yields of borylated product can be obtained

concerned that the high melting point of these polymers and USing this methodology, but the percentage of the methyl groups
the high viscosity of the melts would complicate efforts to that were funct_|0n§I|zed |nthe same chain was limited to roughly
extend the rhodium-catalyzed functionalization and subsequentl Mol % despite increasing the amount of boron reagent.
oxidation to these substrates.Thus, we determined the effect of Studies of the effect of polymer molecular weight on the
the type of rhodium catalyst, boron reagent, the molecular weight degree of functionalization showed that the highest degree of
of the substrate, and the reaction stoichiometry on the degreefunctionalization occurred with iPP-1, which has a lower
of functionalization of the stereoregular polypropylenes. molecular weight than the other steroregular polyolefiié.
(Cp*RhCb),, Cp*Rh(GH,),, and Cp*Rhf*-CsMeg) all cata- NMR spectroscopy showed that up to 1.5 mol % of the methy!l
lyzed the borylation of commercial isotactic polypropylene, but groups of iPP-1 were converted to hydroxymethyl groups. This

The borylation and oxidation sequence was amenable to the

J. AM. CHEM. SOC. = VOL. 127, NO. 2, 2005 771



ARTICLES Bae et al.

(c) sPP-1-OH i
o s % J
G
(b) IPP-1-OH .
L B S R ™1
| 40 35 30
(a) aPP-1-OH o

40 35 3.0 |

8 7 6 5 H 3 2 1

Figure 3. ™M NMR spectra (delay time= 1 s, number of transients 16, 25°C) of hydroxylated atactic, isotactic, and syndiotactic polypropylenes: (a)
aPP-1-OH [130 mg/mL CDg], (b) iPP-1-OH [15 mg/mL CDG], (c) and sPP-1-OH [15 mg/mL CDg}l

value corresponds to 6 hydroxyl groups per chain or 0.75 Bpin group. DEPTC NMR spectroscopy confirmed that these
hydroxyl groups per 100 backbone carbons. The degree ofsignals were due to a methyl carbon and a quaternary carbon.
functionalization of the polypropylenes of higher molecular  The 14 NMR spectrum of iPP-1-OH contained a distinct
weight was lower: 0.27 mol % of the side chains of iPP-2was goyplet aw 3.51, and thd3C NMR spectrum contained a singlet
converted to hydroxymethyl groups (4.3 hydroxyls per chain ;s 67, corresponding to a hydroxymethyl group, as shown in
or 0.13 hydroxyl per 100 backbone carbons), 0.35 mol % of Figure 3. Attached proton test (APHC NMR spectroscopy

the side chains of sPP-1 was converted to hydroxymethyl groups;firmed that this carbon was due to a methylene unit. The

(3'1 hydroxylj ge:; 1chair|1 ;r O];lzh hyql(;oxylhpgr 10? bF?Fc)kZbone backbone carbons of iPP-1-OH locajgdndy to the hydroxyl

carbons), and 0.31 mol % of the side chains of sPP- W.asgroup generated signals in th% NMR spectrum ad 36 and

converted to hydroxymethyl groups (4.9 hydroxyls per chain . .

or 0.16 hydroxyl per 100 backbone carbons) 0 40 (see Supporting Information). THE& NMR spectrum of
' Y yip ' iPP-1-OH lacked resonances @t25 and¢ 83 that would

|so?égiza:;r?gtgIiz?ggc?ifctggl Borgylaltsgezf'rﬂeHggrolgthi d correspond to the alkyl-Bpin groups of the iPP-1-Bpin reactant.
y ypropy : Y The absence of these signals indicated that the boryl groups of

oxidized stereoregular polymers were characterized by NMR . .
spectroscopy and high-temperature SETheH, 1°C, andlB |PP-1_-Bp|n had been co_mpletely cor_lver_ted to hydroxyl groups,
NMR spectra of the borylated stereoregular polypropylenes despite the heterogeneity of the oxidation process.
contained resonances that were located at similar chemical shifts Like the functionalization of model and atactic polypropy-
to those of the aPP materials. To assess the degree and type dﬁnes, the rhodium-catalyzed functionalization of commercial
functionalization, we focused on the NMR spectra of the stereoregular polyolefins occurred without significant degrada-
functionalized iPP-1, which has a lower molecular weight than tion of the chain. The high temperature SEC data in Table 2
the other stereoregular polyolefins and is more soluble in organic show that the relatively narrow PDI (2.1) and the value of the
solvents. This material also contained the highest percentageM, of iPP-1 were unchanged throughout the borylation and
of functionalized side chains and, correspondingly, the most oxidation processes (Table 2, entries& Figure 4). Further-
intense signals from the functional groups. more, The glass transition temperature83d °C), melting point
TheH NMR spectrum of iPP-1-Bpin contained a resonance (116 °C), and percent crystallinity (17%) of an iPP sample, as
at 6 1.25 that was assigned to the methyl groups of the Bpin determined by differential scanning calorimetry, were virtually
unit. Similar to the®*C NMR spectrum of the borylated PEP identical to the glass transition temperaturedg °C), melting
and of the aPP materials, th&€ NMR spectrum of iPP-1-Bpin  point (119°C), and percent crystallinity (14%) of the hydroxy-
contained two signals of low intensity at25 andé 83 for the lated material. These data are consistent with insignificant
- changes in the material's molecular weight, tacticity, and
) ectoncbpy. bt the Specirum of Ib-L.OH was indinguienable iom Propensity to form crystallites. Likewise, the functionalization
that of iPP-1 because of the low concentration of hydroxyl groups. A similar  of sPP-1 occurred without significant change to the molecular
lack of an infrared signal for a hydroxyl group was reported previously for .
a material prepared by oxidation of a product prepared by copolymerization parameters of the polymer, regardless of the ratio of monomer
of propylene and 5-hexenyl-9-BBN to provide a copolymer containing 0.5 ¢4 Bypin, used in the borylation process (Table 2, entries 10

mol % of 5-hexenyl-9-BBN units. Chung, T. C.; Rhubright, D.; Jiang, G.
J. Macromoleculesi993 26, 3467. and 11).
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Table 3. Steric Effect on Functionalization of Side Chains of Polyolefins

[monomero/ polyolefin polyolefin-OH
entry Rh catalyst [Bapin,]o? side chain My? (PDI) OHY (%) efficiency® (%)
1 (Cp*RhCh), 14 PEE Et 37 (1.04) 4.6 66
2 " 1 PEE Et 37 (1.04) 14 14
3 Cp*Rh(7*-CsMeg) 20 PEP Me 8.4(1.1) 14 28
4 " 10 PEP Me 8.4(1.1) 1.7 17
5 20 aPP-2 Me 16.1(2.3) 1.2 24
6 10 aPP-2 Me 16.1(2.3) 1.3 13

aB,pin, = bis(pinacolato)diboror? M, = number-average molecular weight in kg/mol determined by size exclusion chromatography with THF as eluent.
Values are relative to polystyrene standafd®DI = polydispersity indexMy/M,. 9 mol % of CHOH relative to alkyl side chains.Efficiency of
functionalization (the percentage of hydroxyl group in the final polymer relative to theBadded).

polymer chain and 2 to 7 hydroxyl groups per 100 backbone
carbons. This was the highest degree of functionalization
obtained, even though (Cp*Rhg{il was used as catalyst. The
reaction efficiencies for the borylation of PEE decreased from
66% to 14% as the mole ratio of monomer repeat unit to diboron
reagent decreased.

This efficiency of the borylation of the PEE was higher than
© that for borylation of the more hindered PEP and of polypro-
pylene, which led to a maximum conversion of 1.7 mol % of
methyl side chains and an efficiency ranging from 15 to 30%
for ratios of propylene repeat unit ton, ranging from 10 to
20. Reactions of polypropylenes and PEP materials possessing
@) similar low molecular weights occurred with similar degrees

T T I I ] of functionalization and reaction efficiencies. Thus, the fre-
18 20 22 24 26 qguency of the methyl groups along the polymer chain did not
Elution Volume (mL) significantly affect the degree of functionalization. However,
Figure 4. Size exclusion chromatogram (1 mg/mL 1,2,4-trichlorobenzene) the length of the side chain did effect the degree of function-
L‘;'/é?glj';%llz[\"z”_f]l %Z)'?P';g_/lnjgh';ﬁ'i 551513 Igg}rﬂi'égggg]” o elr?t'rfl alization, and the reduced steric hindrance of the methyl groups
6 in Table 2.M, relative to polystyrene standards. iPP=1 isotactic in the ethyl side chains allowed for much more efficient
polypropylene; iPP-1-Bpirs borylated isotactic polypropylene; iPP-1-OH  functionalization reactions of PEE compared to PEP.
= hydroxylated isotactic polypropylend, = number-average molecular The tacticity, or the relative orientation of the methyl groups,
weight; PDI= polydispersity index. of the polymer was found to have little effect on the efficiency
of the borylation process. We have not compared the function-
alization of polymers with the same molecular weight, varying
only in tacticity, because of the lack of availability of the
§ Necessary materials. However, the data in Table 2 show that
atactic and isotactic polypropylenes of similar molecular weight
undergo reaction with similar efficiencies (Table 2 entrie3
Vs entries 6-8).
The effect of molecular weight of the polymer was more

(b)

4. Effect of Steric Hindrance, Polymer Molecular Weight,
and Tacticity on the Functionalization ProcessThe rhodium-
catalyzed reactions of materials with different molecular
architectures and molecular weights revealed the effect o
polymer structure on the efficiency and degree of functional-
ization. To determine the effect of the steric properties on the
functionalization of materials with relatively similar concentra-
tions of methyl groups, we compared reactions of poly- - =
(ethylethylene) PEE (PEE, a model polybutene prepared by pronounced than the effect of tacticity, but was less significant

hydrogenation of polybutadiene produced by anionic polymer- than the effect of the steric properties, on the ultimate degree
ization, My, = 37 kg/mol, PDI= 1.1¥% with those of PEPN, of functionalization obtained. The degree and efficiency of the

= 8.4 kg/mol, PDI= 1.1) and the polypropylenes (iPP-M, functionalizati_on of polypropylenes decregs_ed with increas_ing
= 17.6 kg/mol, PDI= 2.1. aPP-2:M, = 16.1 kg/mol, PDI= molecular weights, regardless of the tacticity of the material.
2.3). The methyl groups of the polypropylenes are the most In gddmon, the degree of functlonall|zat|on'0f low-molecular-
hindered because they are attached to a branched carbon an€19Nt polypropylenes (aPP-2 and iPP-1) increased when the
are present on every other carbon. The methyl groups of pgpratio of dlboro_n regge_nt to monomer was '“Cfea}sed’ but the
are less hindered because they are attached to every fourttfl€gree of functionalization of the high-molecular-weight polypro-
carbon. The methyl groups of PEE are the least hindered becaus®Y€nes mcreased litle when the ratio of diboron reagent to
they are separated from the polymer backbone by a methylene™MONOMer was increased from 0.03 to 0.1.

group. 5. Graft Copolymers of Polypropylene and Polycaprolac-

The PEE material was functionalized withyBn, at 150°C tone. Polymer blends provide a method to design a material
in the presence of 2.5% (Cp*Rhg4 with mole ratios of with tailored properties; however, most combinations of poly-
monomer units to the diboron reagent ranging from 14:1 t¢3:1. Mersare immiscible and require the addition of a compatibilizer

As summarized in Table 3, this reaction generated materials © achieve 9902 dispersion Qf the mino.r component ir! the
containing between 4.6 mol % and 14 mol % of the ethyl side polymer matrix2® The mechanical properties of incompatible

chains functionalized with hydrOXyl groups. These values (53) Vasile, C., EdHandbook of PolyolefindViarcel Dekkar Inc.: New York,
correspond to an average of 31 and 95 hydroxyl groups per 2000.
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Scheme 2. Synthesis of Isotactic Polypropylene-graft-polycaprolactone
1. THF, AlEt; 70 °C

2.CL,70°C
W 3. H*/CH30H o

Table 4. Synthesis of Isotactic Polypropylene-graft-polycaprolactone?

entry [Al]? (mM) [CLJo (M) [CLI/[OH]o [CLY[OH] Mhgraty® M MIM,? time (h) yield® (%)
1 3.5 0.1 28 13 15 22.8 1.9 1 70
2 39 0.5 60 24 2.7 34.3 31 3 92
3 1.2 0.2 55 36 4.0 56.6 18 20 100
4 1.9 0.2 34 34 3.9 43.7 1.9 19 91
5 14 0.5 116 64 7.3 66.5 1.8 20 96
6 0.8 0.5 207 102 11.6 93.1 18 5 99
7 13 0.5 128 127 14.6 59.8 3.6 24 98
8 0.6 0.5 262 240 27.6 54.0 3.6 20 94

aReaction conditions: hydroxylated isotactic polypropylene (iPP-1-OH), triethylaluminumgJATEEtF, 2 h, 68°C, caprolactone (CL) added, polymerization
at 68°C. b AlEts, [OH]o/[Al] o = 3. ¢ Number of repeat units per graft arm determined from the relative intensities of the end-groups of CL relative backbone
resonances! kg/mol. Determined by size exclusion chromatography (iPP-1MQH= 19.2 kg/mol Mw/Mn = 2.3). Values are relative to polystyrene standards
measured using THF as the mobile ph&deercent yield based on complete recovery of iPP and complete conversion of CL: 100 * [(mass of product
mass of iPP-1-OH)/mass of CL[OH]d/[Al] o = 2. 9 [OH]o/[Al] o = 4

binary blends are often limited by poor interfacial adheston, Chung et al. for the ring-opening polymerization of CL by
and graft copolymers have been used extensively to enhancependant hydroxyl groups generated from oxidation of a copoly-
the properties of such binary blent®50 In this section, we mer of propylene and 5-hexenyl-9-BBN (BBN borabicy-
report our investigations on the blends of two immiscible clononyl)3¢ By performing the polymerization for different
materials: polycaprolactone (PCL) and f*Bompatibilized by reaction times, we found that high conversion of CL to PCL
iPP—PCL graft copolymers prepared from iPP-1-OH. was observed aftés h with [CL]o = 0.50 M and [AIEg]o/[OH]o

Typically, graft copolymers are designed to be “mutually = 3.
miscibile,” with the two components of a blend. Therefore, to  The iPPg-PCL graft copolymers were characterized Iy
compatibilize iPP and PCL, we constructed graft copolymers NMR spectroscopy. Specifically, tHel NMR spectrum of the
with an iPP backbone and PCL side chains. These materialsiPP-1-OH starting material contained a doubletdat 3.5,
were prepared by the ring-opening polymerizatiore-alapro- corresponding to the methylene protento the hydroxyl group.
lactone (CL) with a macroinitiator formed from triethylalumi- ~ The!H NMR spectrum of the graft copolymer contained a new
num (AIEt) and the iPP-1-OH containing 1% hydroxymethyl resonance ab = 3.6, corresponding to the methylene protons
groups prepared on a 100 g scale (Table 2, entry 7) (Schemeq. to the hydroxyl group at the end of the polycaprolactone side
2). Binary blends of iPP and PCL and ternary blends of iPP, chains, and the resonance at 3.5 ppm for the starting material
PCL, and the graft copolymer were prepared with various ratios was absent. The appearance of this new resonant8.8tand
of the components. The thermal and mechanical properties ofthe resonances characteristic of PCL indicated the formation
the polymer composites were then investigefet. of the graft copolymer (Figure %f. The formation of graft

A. Synthesis and Characterization of Isotactic Polypro- copolymer was also confirmed B$C NMR spectroscopy. The
pylenegraft-polycaprolactone. The reaction of the hydroxyl  resonance assigned to the carlwoo the hydroxyl group in
groups in iPP-1-OH with AlEtproduced aluminum alkoxides, iPP-1-OH atd = 67.3 was absent, and a new resonancg=at
which initiate ring-opening polymerization of cyclic estéfs, 2.5, which is a chemical shift typical for the carbarto the
and reaction of these alkoxides with caprolactone generatedhydroxyl end group in a PCL homopolymer, was observed.
isotactic polypropyleneraft-polycaprolactone (iPB-PCL) Analysis of the graft copolymer by SEC showed tNat of
(Scheme 2). The degree of polymerization of the PCL side the graft copolymer (Table 4, entry 3, 56.6 kg/mol) was higher
chains was controlled by the reaction stoichiometry [fJ0Q0H]o than that of the starting material (19.2 kg/mol) and that the PDI
(Table 4). Our results were consistent with those obtained by qf the graft copolymer was relatively narrow (Figure 6). The

theoreticalM,, of this grafted polymer was estimated to be 42.9

(54) Paul, D. R.; Bucknall, C. BPolymer BlendsWiley: New York, 2000;

Vol. 1. kg/mol based on thl, of iPP-1-OH (19.2 kg/mol), which had
(55) ;:Sre:t)’%r%c.; Kramer, E. J.; Hui, C.-Y.; Brown, H. Racromolecule4992 5.9 hydroxyl groups per 455 repeat units (1'3 mol %), and the
(56) Muratoglu, O. K.; Argon, A. S.; Cohen, R. Bolymer1995 36, 4771. M, of the grafted arms (5.9 arms 4.0 kg/mol), determined by
(57) Yu, Z. Z.; Ou, Y. C.; Hu, G. HJ. Appl. Polym. Sci1998 69, 1711. ; f ;

(58) Wang, Y.; Hillmyer, M. A.J. Polym. Sci., Part A: Polym. Cher2001 end grPUp analySIS' This _Value ®f is smaller than thF?It

59 39, 2755. | determined by SEC, most likely because of the conformational

59) Kim, H. C.; Nam, K. H.; Jo, W. HPolymer1993 34, 4043. ; f

(60) Anderson. K. S.; Lim. 8. H'; Hillmyer, M. AJ. Appl. Polym. Sci2003 dlffesrsences between a linear copolymer and a graft copoly-
89, 3757. mer

(61) Kalfoglou, N. K.J. Appl. Polym. Sci1985 30, 1989.

(62) While such composites were previously prepared by solution blending, the
thermal and mechanical properties of the materials were not reported. ~ (64) Duda, A.; Florjanczyk, Z.; Hofman, A.; Slomkowski, S.; Penczek, S.

(63) Schmidt, S. C.; Hillmyer, M. AMacromoleculesl999 32, 4794. Macromoleculesl99Q 23, 1640.
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Figure 5. 'H NMR spectrum of (a) hydroxylated isotactic polypropylene €5 16 transients, 0.75 wt % in CD4 ldelay time= 20.0 s] and (b) isotactic
polypropylene-graft-polycaprolactone [8C, 16 transients, 0.75 wt % in CD4ldelay time= 15.0 s] from entry 3 from Table 4.

| J
25 30

Elution Volume (mL)
Figure 6. Size exclusion chromatogram of (a) hydroxylated isotactic
polypropylene M, = 19.2 kg/mol, PDI= 2.3] and (b) isotactic polypro-
pylene-graft-polycaprolacton®, = 56.6 kg/mol, PDI= 1.8] from entry
3in Table 4.

The thermal properties of the graft copolymers were analyzed
by differential scanning calorimetry (DSC). Two different glass
transition temperature3g) were observed in the DSC data that
corresponded to typical thermal transitions for the parent homo-
polymers: iPP phase{29 to—34°C) and PCL phase{61 to
—63°C) (Table 5). The appearance of two glass transition temp-
eratures is consistent with microphase separation of the two
immiscible material§!

B. Melt Blends of Isotactic Polypropylene and Polyca-
prolactone with Isotactic Polypropylenegraft-polycaprolac-
tone. To investigate the effect of adding the graft copolymer

(65) Lohse, D. J.; Datta, S.; Kresge, E. Macromoleculesl991, 24, 561.

Table 5. Thermal Properties of the iPP—PCL Graft Copolymers

entry iPP-OH/PCL2® Typcy’ Tyier)® Topen)® Tinger)
1 0/100 —61 55
2 10/90 —56 —-31 57 112
3 20/80 —63 —29 57 107
4 37/63 —61 —-32 55 108
5 55/45 —63 —-32 54 112
6 65/35 —62 —-32 56 106
7 85/15 —60 —-33 44 113
8 100/0 —-34 119

iPP-g-PCL to a binary blend of iPP and PCL, we generated
melt blends of iPP (97 kg/mol) and PCL (101 kg/mol) with
and without added graft copolymer. These blends were prepared
in a Haake Rheomix 600 batch mixer at 19D, with 15 min
of mixing at 50 rpnf°

Graft copolymers with an iPP backbord{= 19.2 kg/mol)
and ca. 6 graft arms of PCL witk,, values of about 4, 15, and
28 kg/mol (entries 4, 7, and 8 from Table 4) were investigated
as potential compatibilizers. Binary blends of iPP and PCL and
ternary blends of iPP, PCL, and iRPPCL were prepared in
various compositions. Analysis of the thermal and mechanical
properties of these composite materials showed that the impact
strength and the tensile toughness of the compatibilized PCL/
iPP composites were similar to those of the composites
generated without the graft copolymer. We suspect that the low
molecular weight of the polypropylene backbone in the graft
copolymer provided inadequate entanglements at the iPP/PCL
interface, and thus these composites did not show improved
mechanical propertie®:60.66.67

(66) Li, W.; Prudhomme, R.Polymer1994 35, 3260.
(67) Fetters, L. J.; Lohse, D. J.; Graessley, W.JVAppl. Polym. Sci., Part B:
Polym. Phys1999 37, 1023.
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To investigate further these composite materials, we analyzed
the blend morphology of several cryofractured samples by
scanning electron microscopy (SEM). In micrographs of an 80/
20 iPP/PCL blend specimen without graft copolymer, two
distinct phases could easily be distinguished; spherical PCL
particles were dispersed in the iPP matrix. This was expected
given the demonstrated incompatibility of the two materials. In
contrast, the micrographs of the 80/20 iPP/PCL blends with graft
copolymer were nearly featureless, and it was difficult to identify
two distinct phases. While the inability to distinguish the two
phases is consistent with effective compatibilization of the iPP/ (a)
PCL blend, the particle size and distribution were difficult to
evaluate quantitatively with the micrographs. For a 50/50 iPP/
PCL blend, two distinct phases could be seen in the SEM images
of the cryofractured sample, independent of whether the block
copolymer was used.

To examine further the effect of the graft copolymer on
compatibilization, particle size, particle size distribution, and
particle dispersion, the PCL component was etched from several
cryofractured blends, and the resulting materials were analyzed
using SEM (Figure 7). We removed the PCL from the monolith
of the blend consisting of 48/48/4 iPP/PCL/IGHRCL by
treatment with acetone, which dissolves PCL but not iPP. The (b)
SEM micrograph of this material is shown in Figure 7a. The
SEM shows voids that were templated by the PCL particles.
The interconnection of these voids suggests a cocontinuous
morphology.

The surface PCL particles of cryofractured samples of 80/20
PP/PCL blends (80/20/0 and 76/16/8 iPP/PCL/GPPEL) were
also removed by selective dissolution of PCL. SEM micrographs
of the etched 80/20 blends indicate that the particles in the
composites with and without graft copolymer as a compatibilizer
are unevenly dispersed but that the particles in the blend with
the graft copolymer are smaller (largest particles on the order
of 1 um, Figure 7c) than those of the binary blend (largest ©)
particle > 3 um) (Figure 7b). Thus, the images of the etched
samples support the conclusion that the graft copolymer is an
effective compatibilizer for iPP and PCL blends.

Figure 7. Scanning electron microscopy images of PCL-etched cryofrac-
tured specimens of binary (isotactic polypropylene/polycaprolactone [iPP/
Conclusions PCL]) and ternary blends (iPP/PCL/iRfPaft-PCL) (x5000) scale ba# 1

um. (a) 48/48/4, (b) 80/20, and (c) 76/18/8.

Regiospecific functionalization of model and commercially
available polypropylenes was achieved by the combination of
rhodium-catalyzed borylation of the methyl-G bonds of
alkanes and oxidation of the resulting boron-containing poly-
mers. In contrast to previous modifications of polyolefins, the
borylation and oxidation did not change the molecular weight
parameters of the polypropylenes. The efficiency of the boryl-
ation process depended on the molecular weight of the polymers
and on the ratio of diboron reagent to monomer unit, but not ) o .
on the tacticity of polymer. Because this regiospecific func- ACkr,]OWIedgmem' We thank Frontier SCIentIfIC Co for ag|ft.
tionalization of polypropylene was unaffected by the tacticity of Bopiny, Jasson Patton of Dow Chemical Company for a gift

of the polymer, it provides a method to prepare functionalized (F)>f tthe haPE-Zl alnd |]!3P-1 _l;tse;jﬂ:n tg'; i/vorkt, gnlciT,Ar\]TOFINAt
polyolefins from a range of commercial polyolefins. etrochemicals Inc. for a gift ot the SF=-1 material. 1iS projec

. was funded in part by the David and Lucile Packard Fellowship.
We have also synthesized graft copolymers, such as polypro-

pylenegraft-polycaprolactone, from the hydroxylated isotactic
polypropylenes prepared by the rhodium-catalyzed methodology. A
The resulting iPRy-PCL copolymers were characterized by
NMR spectroscopy, DSC, and SEC, revealing that the graft
polymerization generates materials with molecular weights that JA044440S

are controlled by the reaction stoichiometry and with molecular
weight distributions that are narrow. The resulting copolymers
that were prepared with polypropylenes as starting materials
compatibilize immiscible blends of polypropylene and polyca-

prolactone, as shown by SEM micrographs of PCL-etched
cryofractured samples.

Supporting Information Available: Experimental section and
PT 13C NMR spectra of iPP-1 and iPP-1-OH. This material
is available free of charge via the Internet at http://pubs.acs.org.
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