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ABSTRACT: A series of well-defined functional polyethylene graft
copolymers with high molecular weights have been conveniently synthe-
sized via the combination of ethylene/S-norbornene-2-methyl propargyl
ether (NMPE) copolymerization using bis(/3-enaminoketonato)titanium
catalysts and following click coupling reaction. Bis(/3-enaminoketona-
to)titanium catalysts have been proved to be the potent catalysts for
ethylene/NMPE copolymerization, producing high molecular weight
copolymers with unimodal molecular weight distributions. *C NMR
(dept) and "H NMR spectra reveal the copolymerization proceeds in a
regioselective way with alkynyl group retained near the main chain. The
following click coupling reactions between ethylene/NMPE copolymer
and azido-terminated polymer (PEO—Nj3, PS—Nj3) have been achieved
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under mild conditions independent of the chemical structure and molecular weight of azido-terminated polymer, providing

functional polyethylene with well-defined structure and high molecular weight.

B INTRODUCTION

Despite commercial importance of polyethylene, the lack of
functional groups in polyethylene has significantly limited many
end uses, particularly those in which adhesion, dyeability, paint-
ability, printability and compatibility with other polymers are
paramount." Thus, it has been a long scientific challenge in
exploring the routes to functionalize polyethylene.”?

“Click” chemistry has gained a great deal of attention due to
high efficiency and nearly quantitative yield in the presence of
many functional groups.* Especially, the Cu(I)-catalyzed 1,3-
dipolar cycloaddition reaction between azide and alkyne has been
extensively used in polymer chemistry to synthesize functional
polymers,” bioconjugated polymers,® and polymers with com-
plex topologies.” However, to date, the use of this type of click
coupling reaction in functionalization of polyethylene has been
limited.” '® Zhu and co-workers reported the synthesis of
polyethylene-b-poly(ethylene oxide) diblock copolymer by click
coupling reaction of azido-terminated polyethylene (PE-N;) and
alkynyl-terminated poly(ethylene oxide) (PEO—CONHCH,C=
CH).® PE-N; was derived from tosylation and subsequent sub-
stitution by sodium azide of hydroxyl-terminated PE (PE—OH)
which was prepared by chain shuttling ethylene polymerization
with 2,6-bis[1-(2,6-dimethylphenyl)imino ethyl] pyridine iron-
(1) dichloride/methylaluminoxane/diethyl zinc and subsequent
in situ oxidation with oxygen. Another example of click coupling
reaction between PE-Nj3 and propargyl acrylate or propargyl
methacrylate was reported by D’Agosto et al. in which PE-N; was
generated from substitution by sodium azide of end-halogenated
PE (PE—I) that was synthesized by rapid and reversible chain

v ACS Publications ©2011 american chemical Society

transfer ethylene polymerization with [(CsMes),NdCL,Li-
(OEt,),]/n-butyloctylmagnesium and subsequent in situ addition
ofiodine.” Nevertheless, a complete end-group functionalization
(PE—OH or PE—I) is always difficult to achieve in these
strategies and products with vinyl and saturated alkyl chain ends
usually present due to undesirable chain transfer reaction, which
make the purification after click coupling reaction complex.
Moreover, the end-functionalized polyethylenes usually display
low molecular weights (M,, < S000 g/mol) since the chain trans-
fer reaction to the main group metal center is no longer possible
due to the dramatic decrease of chain mobility at high molecular
weight. Most of all, to obtain PE—N3, multiple functional group
transformations are involved in these strategies. Therefore, more
facile and straightforward synthesis of polyethylene containing
azido or alkynyl group with high molecular weight for the
following click coupling reaction is highly desired.

Recently, precise copolymerization of ethylene with reactive
monomer has attracted wide attention because the retained
reactive moiety can be converted into the functional group.
p-Methylstyrene,'" diene,'>'* and an alkene-containing borane
group'” are the common reactive monomers and the copolym-
erization behaviors of ethylene with these reactive monomers
have been widely investigated. Compared with these reactive
monomers, alkene containing alkynyl group is a very promising
and attractive monomer because the remaining alkynyl group can
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Scheme 1. Synthetic Route of Functional Polyethylene Graft
Copolymer and the Structures of Catalysts Used in This Study
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be utilized in click chemistry to prepare functional polyethylene.
In contrast with previously reported functionalization of poly-
ethylene via click coupling reactions, this strategy has a remarkable
advantage in direct and convenient synthesis without requiring
functional group transformation. However, the importance of
alkene containing alkynyl group served as reactive monomer has
not been realized and the copolymerization with ethylene has not
been reported yet.

Herein, we report novel copolymerization of ethylene with
S-norbornene-2-methyl propargyl ether (NMPE) using bis(f-
enaminoketonato )titanium catalysts (Scheme 1) which have the
excellent ability to promote the copolymerization of ethylene
with cyclic monomers.'**!® The obtained copolymer bearing
alkynyl group can be directly utilized in Cu(I)-catalyzed 1,3-dipolar
cycloaddition reactions with azido-terminated poly(ethylene
oxide) (PEO—N3) or polystyrene (PS—Nj3) to provide func-
tional polyethylene in a facile way.

B EXPERIMENTAL SECTION

General Procedure and Materials. All work involving air- and/
or moisture-sensitive compounds were carried out in MBraun glovebox
or under an argon atmosphere by using standard Schlenk technique. The
molecular weights and the molecular weight distributions of the polymer
samples were determined at 150 °C by a PL-GPC 220 type high-
temperature gel permeation chromatography. 1,2,4-trichlorobenzene
(TCB) was employed as the solvent at a flow rate of 1.0 mL/min and
the calibration was made by polystyrene standard Easi-Cal PS—1 (PL
Ltd.). The FT-IR spectra were recorded on a Bio-Rad FTS-135 spectro-
photometer. Differential scanning calorimetry (DSC) measurements
were performed on a Perkin-Elmer Pyris 1 DSC instrument under N,
atmosphere. The samples were heated at a rate of 20 °C/min and cooled
down at a rate of 20 °C/min. All 'H and '*C NMR spectra were recorded
on a Varian Unity-400 MHz spectrometer (399.65 MHz for 'H, 100.40
MHz for "*C). The NMPE content of copolymer is determined by "H
NMR spectra and calculated according to the formula: NMPE mol % =
(21410 pprn/ (To.60—2.40 pprm — 3L4.10 ppm) ] X 100%, where I, 10 ppr is the peak
area of proton at 4.10 ppm and Iy s> .4 ppm is the total peak area of protons
at 0.60—2.40 ppm. PEO/PE (wt %/wt %) and PS/PE (wt %/wt %),
which are the weight ratios of side chain to PE main chain in copolymer,
are determined by 'H NMR spectra and calculated according to the
formulas: PEO wt % = (44 X Iy 63 ppm)/[44 X Ly62 pom™28 X Ty 36 ppm] X
100%, PEO/PE (wt %/wt %) = PEO wt %/(100 — PEO wt %); PS wt % =
(416 X Ly.1o ppm)/ (416 X I 10 ppm + 28 X I1 36 ppm) X 100%, PS/PE
(wt %/wt %) = PS wt %/(100 — PS wt %) (I362 ppm T1.36 pprw and
D10 ppm are the peak areas of protons at 3.62, 1.36, and 2.10 ppm,
respectively). Molar percentage of alkynyl group which converts to

the PS grafting chain is calculated according to the formula: Conv.
(PS) = Lis6 ppm/ (Is56 ppm + Li10 ppm) X 100%, where I g5 pom and
I4.10 ppm are the peak areas of protons at 4.56 and 4.10 ppm.

Modified methylaluminoxane (MMAO, 7% aluminum in heptane
solution) was purchased from Akzo Nobel Chemical Inc. and used
without further purification. Anhydrous solvents used in this work were
purified by Solvent Purification System purchased from Mbraun. 5-
Norbornene-2-methanol and 3-bromo-1-propyne were purchased from
Aldrich which were dried over molecular sieve for 3 days and distilled
under reduced pressure before use. Two methoxypoly(ethylene glycol)s
(PEO—OH) with different molecular weights (M,, = 1700 g/mol, PDI =
1.08; M,, = 6000 g/mol, PDI = 1.05) were purchased from Sigma and
dried under vacuum at 60 °C for 24 h before use. Methanesulfonyl
chloride, triethylamine, sodium azide, ethyl-2-bromoisobutyrate and N,
N,N',N” ,N"-pentamethyldiethylenetriamine (PMDETA) were purchased
from Aldrich and all were used as received. Styrene was purchased from
Aldrich which were dried over calcium hydride for 3 days and distilled
under reduced pressure before use. CuBr was purchased from Aldrich
and purified according to the previous report.>* Catalysts 1la—c were
synthesized by the method described in the literature.'®

Synthesis of 5-Norbornene-2-methyl Propargyl Ether
(NMPE). A dry 500 mL three-necked flask was fitted with a dropping
funnel, magnetic stirrer, and condenser. S-Norbornene-2-methanol (11 g,
88.7 mmol) and dry hexane (30 mL) were added to the flask before
vigorous stir. Sodium (2.04 g, 88.7 mmol) was added in batches quickly
under N, atmosphere at room temperature. Then the reaction mixture
was heated to 65 °C and kept stirring for about 10 h. After the sodium
was reacted completely, the reaction mixture was cooled to 0 °C and the
dropping funnel was charged with 3-bromo-1-propyne (100 mmol).
When the slow addition of 3-bromo-1-propyne was completed, the
reaction mixture was heated to 65 °C and kept stirring for about 7 h.
During this period, the reaction mixture slowly turned orange, and white
solid precipitated out. The ice water was slowly added to the reaction
mixture and the organic layer is separated. The aqueous layer is extracted
with three 50 mL portions of ether and the combined organic layers are
washed with 50 mL of saturated aqueous Na,COj; and NaCl in turn. The
obtained solution was dried over with anhydrous CaCl, overnight,
filtered and stripped of solvent on a rotary evaporator. Vacuum distilla-
tion of the residue yielded NMPE (yield: 75%).

Typical Copolymerization Procedure. Copolymerizations
were carried out under atmospheric pressure in toluene in a 150 mL
glass reactor equipped with a mechanical stirrer. The total volume of the
solution was 50 mL. The reactor was charged with prescribed volume
toluene and the described comonomer under argon atmosphere, and
then the ethylene gas feed was started, followed by the addition of
MMADO to the reactor. After equilibration at the desired polymerization
temperature for S min, the polymerization was initiated by the toluene
solution of the catalyst. After a desired period of time, the reactor was
vented. The resulted copolymers were precipitated from hydrochloric
acid/ethanol (2% by vol), filtered, washed three times with ethanol, then
marinated in acetone for 12 h to remove the unreacted comonomer, and
then dried in vacuo at room temperature to a constant weight.

Synthesis of Azido-Terminated Poly(ethylene oxide)
(PEO—N3). In a dry round-bottom flask, PEO—OH (M,, = 1700 g/mol,
10 g, 0.006 mol) was dissolved in dried methylene chloride (100 mL).
The solution was cooled to 0 °C in an ice—water bath before triethyl-
amine (1.67 mL, 0.012 mol) and methanesulfonyl chloride (0.93 mL,
0.012 mol) were added sequentially. The flask was then removed from
the ice—water bath and the reaction was allowed to proceed for 24 h at
room temperature. During this period, the reaction mixture slowly turned
yellowish and some solid precipitated out. After filtration to remove the
solid, the reaction mixture was washed successfully with 300 mL of 1 M
HCl solution, 300 mL of 1 M NaOH solution and 200 mL of 1 M NaCl
solution. The organic layer was dried over anhydrous MgSO, overnight
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Table 1. Copolymerization of Ethylene and NMPE by Bis(f#-enaminoketonato)titanium Catalysts *

entry catalyst comonomer (mmol) yield (mg) activity”
1 la 2.0 290 435
2 la 3.0 170 255
3 1b 2.0 333 500
4 1b 3.0 200 300
N 1b 4.5 147 220
¢ 1b 7.0 200 150
7 1c 2.0 350 525
8 1c 3.0 220 330

incorporation® (mol %) M,? (kg/mol) M,/M,* T’ (°C)
0.7 72 1.98 124.40
1.5 58 223 118.63
1.2 88 1.81 117.21
3.0 64 1.95 109.17
4.8 33 1.93 99.32
9.5 24 1.95 82.45
1.0 90 1.78 125.06
1.8 62 1.83 118.23

“ Conditions: catalyst 8 umol, ethylene 1 atm, Vi) = S0 mL, temperature = 25 °C, time = S min, and Al/Ti = 2000, unless otherwise noted. b Catalytic
activity: kg polymer/moly;-h. © Comonomer incorporation (mol %) established by 'H NMR spectra. ¢ Weight-average molecular weights and
polydispersity indices determined by GPC at 150 °C in 1,2,4-C4Cl3H; vs narrow polystyrene standards. “ Melting temperatures were measured by

DSC./ Catalyst 16 #mol; time = 10 min.

before the solvent was removed in vacuo, yielding a yellowish viscous
liquid. The yield of the mesylate-terminated PEO (PEO—0SO,CH3)
was 889%. Part of the PEO—OSO,CHj (5.40 g, 0.003 mol) was dissolved
in 40 mL of N,N-dimethylformamide (DMF) before sodium azide (0.40 g,
0.006 mol) and 0.15 g of tetrabutylammonium bromine were added
sequentially. The reaction mixture was stirred magnetically at 50 °C for
24 h before removal of DMF by rotary evaporation. The solid was
dissolved in methylene chloride and the undissolved solid was removed
by filtration. The organic solution was washed twice by water before
dried over anhydrous MgSO, overnight. After removal of the methylene
chloride, PEO—Nj; was obtained with the yield of 87%. By using a similar
procedure, azido-terminated PEO (M,, = 6000 g/mol) was also
synthesized.

Synthesis of Azido-Terminated Polystyrene (PS—Ns). A mix-
ture of styrene (10 mL, 87 mmol), CuBr (0.32 g, 2.2 mmol), ethyl-2-
bromoisobutyrate (0.32 mL, 2.2 mmol), and toluene (1.1 mL) ina 25 mL
Schlenk flask was subjected to three freeze—pump—thaw cycles. The flask
was placed in an oil bath preheated to 90 °C,and PMDETA (046 mL, 2.2
mmol) was injected via nitrogen-purged syringe. After 75 min, the flask
was removed from the heat, diluted with THF, and passed through a
neutral alumina column to remove the catalyst. The absorbent in the
column was washed with THF (30—40 mL) and the resulting polymer
solution was concentrated by rotary evaporation. The polymer was
precipitated in methanol and dried under vacuum (M,, = 2600 g/mol,
M,,/M,, = 1.30). A fraction of the resulting polystyrene (2.0 g, 0.77 mmol)
and NaNj; (78 mg, 1.2 mmol) were dissolved in DMF (12 mL) in a sealed
50 mL round-bottomed flask. The mixture was stirred at room tempera-
ture for 4 h, and the resulting polymer was isolated by precipitation into
methanol and drying under vacuum.

Synthesis of Graft Copolymer via Click Coupling Reaction.
A typical procedure for synthesis of PE-g-PEO graft copolymers was
started with the ratio of reagents [alkynyl]/[N3]/[CuBr]/[PMDETA]
= 0.155/0.28/0.136/0.426. Toluene (S mL), chlorobenzene (2 mL),
PEO—N; (1725 g/mol, 0.38 g, 0.22 mmol), and E/NMPE copolymer
(9.5 mol %, S0 mg, 0.12 mmol alkynyl group) were introduced into a
50 mL Schlenk flask. The mixture was degassed with several cycles under
vacuum and nitrogen. Before the click coupling reaction, the solution
was stirred at 80 °C for 1 h to make the E/NMPE copolymer dissolved as
possible. The click coupling reaction was carried out when CuBr (0.105
mmol) and PMDETA (0.33 mmol) were added. After the coupling
reaction took place at 80 °C for 12 h, the reaction solution was poured
into cold hexane in order to precipitate the crude product. The crude
solid was extracted by Soxhlet extraction with acetone for 24 h to remove
the unreacted PEO. After that, the polymer was dried under vacuum at
50 °C to a constant weight. PS-g-PE copolymer was prepared by similar
procedure except for a longer reaction time (24 h).
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Figure 1. DSC curves: (a) ethylene/NMPE copolymer, NMPE mol %
=4.8 mol % (Table 1, entry 5); (b) PE-g-PEO, PEO/PE (w/w) = 56.0/
44.0 (Table 2, entry 3); (c) ethylene/NMPE copolymer, NMPE mol %
= 9.5 mol % (Table 1, entry 6); (d) PE-g-PEO, PEO/PE (w/w) = 72.4/
27.6 (Table 2, entry 4); (e) PE-g-PS, PS/PE (w/w) = 78.8/21.2
(Table 2, entry 6).

B RESULTS AND DISCUSSION

Ethylene/NMPE Copolymerization. The NMPE comono-
mer was synthesized in good yield (75%) by williamson reaction
between 3-bromo-1-propyne and sodium S-norbornene-2-meth-
oxide which was prepared by in situ reaction of S-norbornene-2-
methanol and sodium. "H NMR spectrum of NMPE comono-
mer is provided in Figure S1 (see Supporting Information). The
characteristic peaks ascribed to the protons of methylene near
alkynyl group and the proton of alkynyl group are observed at
4.10—4.20 and 2.37 ppm, respectively, suggesting the successful
synthesis of NMPE comonomer.

The copolymerization of ethylene with NMPE catalyzed by
catalysts la—c in the presence of MMAO is explored under
different experimental conditions, and the obtained copolymers
are fully characterized by "H and "*C NMR (dept) spectra, GPC
and DSC analyses. The typical copolymerization results are
summarized in Table 1. Note that catalysts la—c can copoly-
merize ethylene with NMPE and exhibit high catalytic activities.
Compared with catalyst 1a, catalysts 1b and 1c bearing electron-
donating groups (Me and t-Bu) at the para-position of the N-aryl
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Figure 2. '*C NMR (dept) spectra of ethylene/NMPE copolymer
(NMPE mol % = 9.5 mol %, Table 1, entry 6) obtained by catalyst 1b in
0-C¢D,Cl; at 125 °C.

moiety display higher activities (Table 1, entries 2, 4 and 8). The
probable reason is that catalysts 1b,c have less electrophilic Ti
centers, generated by more electron-donating ligands, exhibiting
higher tolerance to the polar atom (oxygen atom) and terminal
alkyne which is known as mild acid, giving rise to an enhanced
catalytic activity.'” By varying the catalyst structure and the
polymerization conditions, NMPE incorporation can be adjusted
in the range of 0.7—9.5 mol %. The highest incorporation up to
9.5 mol % has been achieved by catalyst 1b with activity of 1.5 X
10° g/molr;+h (Table 1, entry 6). In addition, all the copolymers
produced by catalysts 1a—c display single melting temperatures
(Ty) in the measurement of DSC, indicating the component of
copolymer is homogeneous (typical second heating scans of
DSC curves are provided in Figure 1a and 1c). With increasing
comonomer incorporation, Ty, values of copolymers decrease
from 124.40 to 82.45 °C. Moreover, the copolymers have high mol-
ecular weights in the range of 24—90 kg/mol varied with catalyst
structures and reaction conditions. As expected for a polymer
generated from a chemically homogeneous catalyst, all the
copolymers possess narrow molecular weight distributions
(M,,/M, = 1.8—2.3). As far as we know, the present catalyst
system is the first example for successful copolymerization of
ethylene with alkene bearing alkynyl group.

The microstructure of ethylene/NMPE copolymer is estab-
lished by '"H and ">C NMR (dept) spectra. The typical >*C NMR
(dept) spectra for ethylene/NMPE copolymer are presented in
Figure 2. The peak assignment was performed based on a com-
parison of '>C NMR spectra with DEPT (135) spectra as well as
the reference of the peak assignment of ethylene/S-norbornene-
2-methanol copolymer reported previously.'® Taking the chemi-
cal shift into account, the peaks at 81.37 and 74.00 ppm are
assigned to quaternary and tertiary carbon in alkynyl group
(marked as “1” and “3” in Figure 2), respectively. The carbon

ppm

Figure 3. 'H NMR spectrum of ethylene/NMPE copolymer (NMPE
mol % = 9.5 mol %, Table 1, entry 6) obtained by catalyst 1b in
0-C¢D,Cl, at 125 °C.

in methylene near the alkynyl group can also be observed at
58.48 ppm (marked as “4”). The peaks at 75.00 and 72.44 ppm
(marked as “2x” and “2n”) are attributed to the carbon in
methylene between the norbornenyl moiety and oxygen atom
corresponding to exo and endo enchainment, respectively. Those
peaks in the region of 29.60—48.30 ppm are ascribed to the
carbons in the norbornenyl moiety'® and successive ethylene
enchainment. It is noteworthy that the ethylene/NMPE copo-
lymerizations by bis(3-enaminoketonato)titanium catalysts pro-
ceed through the enchainment of norbornene ring while the
alkynyl insertion is absent (Scheme 1) because the peaks which
are assigned to the vinyl double bond (126.6 and 131.5 ppm) and
cyclic double bond (135.0 gpm) corresponding to alkynyl
insertion are not observed in '*C NMR spectra (Figure 2). This
regioselective nature maintains under current reaction condi-
tions. Moreover, the cross-linking is negligible as all ethylene/
NMPE copolymers have excellent dissolvability in hot toluene.
Consequently, the alkynyl groups are retained near the main
chain, which can be directly utilized in the subsequent click
coupling reaction. In addition, the regioselective copolymeriza-
tion is further confirmed by "H NMR spectra (Figure 3) as the
peaks ascribed to the protons of methylene near alkynyl group
and the proton of alkynyl group are observed at 4.10 and
2.30 ppm while the peaks attributed to the double bonds
corresponding to alkynyl insertion is absent (5—6 ppm).

Click Coupling Reactions between Ethylene/NMPE Copo-
lymer and PEO—N3 or PS—Ns. The obtained copolymer con-
taining alkynyl group can be directly utilized in click coupling
reaction with azide to provide functional polyethylene. In con-
trast with previously reported functionalization of polyethylene
via click coupling reaction, this strategy has a remarkable
advantage in direct and convenient synthesis without requiring
functional group transformation.®'* In our study, two types of
azido-terminated polymeric side chains (SCs), including azido-
terminated poly(ethylene oxide) (PEO—Nj3) and polystyrene
(PS—N3), with different molecular weights were chosen to react
with ethylene/NMPE copolymer.

PEO—N; was synthesized in good yield according to previous
report’® by using hydroxyl-terminated PEO (PEO—OH) which
was first converted to mesylate-terminated PEO (PEO—OSO,CHs)
by reaction with methanesulfonyl chloride, followed by the
transformation of mesylate groups into azido groups via reaction
with NaNj;. The chain-end functionality in each modification
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Table 2. Click Coupling Reactions between Ethylene/NMPE Copolymer and PEO—Nj; or PS—N,.*

entry NMPE’ (mol %)  SC(g/mol)  yield (mg)  SC/PE? (wt%/wt%) convn® (%) M,/ (kg/mol) M, /M; T, (°C) T (°C)
1 4.8 1700 90 32.5/67.5 100 38 1.78 99.32
2 9.5 1700 175 42.5/57.5 100 29 191 80.01
3 4.8 6000 300 56.0/44.0 100 52 218 97.38, 40.12
4 9.5 6000 500 72.4/27.6 100 64 225 82.76, 40.87
5 4.8 2600 112 67.6/32.4 91 45 1.96 90.00"
6 9.5 2600 220 78.8/212 95 57 1.89 86.58

“ Conditions: copolymer 50 mg, [alkynyl]/[N;]/[CuBr]/[PMDETA] = 0.155/0.28/0.136/0.426. Ethylene/ NMPE copolymers with different
contents of alkynyl groups (4.8 mol %, Table 1, entry 5; 9.5 mol %, Table 1, entry 6). “Weight- average molecular weight of side chain (SC) used in
click coupling reaction. ¢ Weight ratio of side chain to PE main chain established by "H NMR spectra.  Molar percentage of alkynyl group which converts
to the grafting chain. f Weight-average molecular weights and polydispersity indices of graft copolymers determined by GPC at 150 °Cin 1,2,4-C4Cl3H;
vs narrow polystyrene standards. ¢ Melting temperatures and glass transition temperatures were measured by DSC. " The melting temperature and glass

transition temperature are overlapped at 90 °C.

10 8

770 765 7.60 7.55 7.50
ppm

Figure 4. '"H NMR spectrum of PE-g-PEO copolymer [PEO/PE
(wt %/wt %) = 72.4/27.6, Table 2, entry 4] in 0-CsD4Cl, at 125 °C.

reaction has been proved to be quantitative, as evidenced by
complete disappearance of the CH,OH peak (37.27 ppm) in >C
NMR spectra of PEO—OSO,CHj; and the disappearance of the
—0S0,CHj peak (50.20 ppm) in PEO—Nj spectra (Figure S2,
see Supporting Information). A typical click coupling reaction
between PEO—Nj; and ethylene/NMPE copolymer was per-
formed successfully by using CuBr/PMDETA as the catalyst in
toluene/chlorobenzene at 80 °C for 12 h. After the Soxhlet
extraction with acetone for 24 h to remove unreacted PEO—N3,
the obtained PE-g-PEO copolymers are fully characterized by "H
NMR spectra, IR spectra, GPC and DSC analyses, and the results
are summarized in Table 2. By varying the content of alkynyl
group in ethylene/NMPE copolymer and the molecular weight
of PEO—Ng3, the well-defined graft copolymers with different
graft density and graft length have been prepared. PEO content
of graft copolymer can be tuned in a wide range of 32.5—72.4 wt
%. Higher content of alkynyl group and molecular weight of
PEO—N; result in higher PEO content (Table 2, entry 1 vs 2,
entry 1 vs 3).

The microstructure of PE-g-PEO copolymer is established by
"H NMR spectra. As shown in Figure 4, the peaks corresponding
to methylene protons adjacent to alkynyl group at 4.10 ppm and
proton in alkynyl group at 2.30 ppm disappear completely after
the click coupling reaction while the new peak at 7.60 ppm

5663
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Figure 5. GPC profiles of PE-g-PEO copolymers: (1) M,, = 29 kg/mol,
PDI =191 (Table 2, entry2); (2) M,, = 52 kg/mol, PDI =2.18 (Table 2,
entry 3); (3) M,, = 64 kg/mol, PDI = 2.25, (Table 2, entry 4).

attributed to the proton of the newly formed five-membered
trizole ring appears, indicating click coupling reaction has been
achieved efficiently with the alkynyl groups fully converted to
PEO graft chains. The complete reaction provides the advantage
of convenient purification of the finally functional polyethylene,
which needs not to remove unreacted ethylene/NMPE copoly-
mer. Moreover, except both appearance of peaks corresponding
to PE main chain [(CH,CH,),, 1.36 ppm] and PEO graft chain

[(CH,CH,0),, 3.62 ppm], the characteristic peaks assigned to
methylene adjacent to the five- membered trizole rln%; are also
observed (marked as “1—3” in '"H NMR spectrum).”*® Further
evidence of successful click coupling reaction can also be proved
by FT-IR spectra (Figure S3, see Supporting Information) which
display new absorption at 1105 cm™ " assigned to the stretching
vibration of CH,—O—CH, in PEO graft chain while the
absorption at 3314 cm ™" attributed to the stretching vibration
of alkynyl group disappears.

All the GPC curves of PE-g-PEO copolymers are unimodal
without low molecular weight, indicating pure PE-g-PEO copo-
Iymer has been prepared after Soxhlet extraction (typical GPC
profiles are provided in Figure ). The molecular weight of PE-g-
PEO copolymer is in the range of 29—64 kg/mol which is higher
than the relevant ethylene/NMPE copolymer and PEO—N;.
The thermal transition temperatures of graft copolymers were
examined by DSC analysis. PE-g-PEO copolymer with long graft
length (M,, = 6000 g/mol) has two melting temperatures (T;,)

dx.doi.org/10.1021/ma2010537 |Macromolecules 2011, 44, 5659-5665
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Figure 6. 'H NMR spectrum of PE-g-PS copolymer [PS/PE (wt %/
wt %) = 78.8/21.2, Table 2, entry 6] in 0-C4D4Cl, at 125 °C.

(Table 2, entries 3 and 4). It is clear that the high temperature
one (82—97 °C) is attributed to the T, of PE main chain and the
low temperature one at about 40 °C is attributed to the T, of
PEO graft chain (typical DSC curves are shown in Figure 1b and
1d). In contrast, PE-g-PEO copolymer with short graft length
(M,, = 1700 g/mol) (Table 2, entries 1 and 2) only exhibits one
melting temperature attributed to PE segments in the main chain
while the melting temperature corresponding to PEO graft
chain is indistinct probably due to low molecular weight of
PEO limiting its crystallization.

PS—Nj was synthesized according to previous literature” by
the reaction between NaN; and bromine-terminated PS (PS—Br,
M,, = 2600 g/mol) which was prepared by ATRP using ethyl-2-
bromoisobutyrate as initiator and CuBr/PMDETA as catalyst.
The chain-end transformation reaction has been proved to be
quantitative, as evidenced by complete disappearance of the
proton peak of methine next to bromine at 4.41 ppm in "H NMR
spectra of PS—Br and the appearance of the proton peak of
methine next to azido group (3.92 ppm) in PS—Nj spectra
(Figure S4, see Supporting Information). A typical click coupling
reaction between PS—Nj; and ethylene/NMPE copolymer was
also carried out by similar procedure to the reaction of PEO—Nj
except for longer reaction time (24 h). Such a difference in
coupling efficiency is mainly due to lower steric congestion and
“thinner” structure of PEO—N3. "H NMR spectra of PE-g-PS
copolymer is shown in Figure 6. The new peak at 7.40 ppm
attributed to the proton of newly formed five-membered trizole
ring appears, indicating the click reaction has been achieved.
Moreover, except both appearance of peaks corresponding to PE
main chain [(CH,CH,),, 1.36 ppm] and PS graft chain [(—CH,—
CH-Ph),, 1.58—2.02 ppm; (—CH,—CH—Ph),, 6.50—7.09
ppm], the characteristic peaks assigned to methylene (5.16 ppm)
and methine (4.55 ppm) linked to the five-membered trizole
ring (marked as “2” and “3” in '"H NMR spectrum) are also
observed,” further confirming the successful click coupling reaction.
However, about 5—9 mol % alkynyl groups still remain and do
not convert to the grafting chains after reaction, which is different
from the complete conversion in PEO click coupling reaction.

The PE-g-PS copolymers have high molecular weights in the
range of 45—57 kg/mol with narrow molecular weight distribu-
tions as demonstrated by GPC analyses. The thermal transition

temperatures of PE-g-PS copolymers were examined by DSC
analysis (typical DSC curves are shown in Figure le). The PE-g-
PS copolymer with low NMPE content (NMPE = 4.8%) has a
transition temperature at 90 °C corresponding to the overlap of
melting temperature and glass transition temperature (Table 2,
entry 5). The PE-g-PS copolymer with high NMPE content
(NMPE mol % = 9.5) exhibits glass transition temperature attrib-
uted to PS side chain at 86.58 °C (Table 2, entry 6) while the
melting temperature attributed to PE main chain (about 80 °C)
turn to be indistinct caused by high graft density of rigid PS side
chain limiting the crystallization of PE main chain.

These results demonstrate that the click coupling reactions
between ethylene/NMPE copolymers and azido-terminated poly-
mers have been achieved under mild conditions independent of
the chemical structure (“thinner” structure of PEO and “bulkier”
structure of PS) and the molecular weight of azido-terminated
polymeric side chains. Moreover, compared with low molecular
weight of functional polyethylene (M,, < 10 kg/mol) reported
previously via click coupling reaction,”” it is noteworthy that the
functional polyethylene produced in our work has much higher
molecular weight which can be tuned in wide range.

B CONCLUSIONS

Bis(/3-enaminoketonato )titanium catalysts have been proved
to be the potent catalysts for ethylene/NMPE copolymerization
with good tolerance toward the terminal alkyne, producing high
molecular weight copolymers with unimodal molecular weight
distributions. "*C NMR (dept) and "H NMR spectra reveal the
copolymerization proceeds in a regioselective way with alkynyl
group retained near the main chain. As far as we know, the pre-
sent catalyst system is the first example for successful copolym-
erization of ethylene with alkene bearing alkynyl group. The
retained alkynyl group in ethylene/NMPE copolymer can be
directly utilized in click coupling reactions with azido-terminated
polymer (PEO—Nj3, PS—N3). A series of well-defined functional
polyethylene graft copolymers with high molecular weights
have been successfully synthesized under mild conditions in-
dependent of chemical structure and molecular weight of azido-
terminated polymer.
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able free of charge via the Internet at http://pubs.acs.org.

Bl AUTHOR INFORMATION

Corresponding Author
*Telephone: +86-431-85262124. Fax: +86-431-85262039.
E-mail: ysli@ciac,jl.cn.

B ACKNOWLEDGMENT

The authors are grateful for subsidy provided by the National
Natural Science Foundation of China (Nos. 20734002,
20874096, and 20923003 ).

5664 dx.doi.org/10.1021/ma2010537 [Macromolecules 2011, 44, 5659-5665



Macromolecules

B REFERENCES

(1) (a) Chung, T. C. Functionalization of Polyolefins; Academic Press:
London, 2002. (b) Boffa, L. S.; Novak, B. M. Chem. Rev. 2000, 100,
1479-1493. (c) Chung, T. C. Prog. Polym. Sci. 2002, 27, 39-85. (d)
Boaen, N. K.; Hillmyer, M. A. Chem. Soc. Rev. 2005, 34, 267-275. (e)
Dong, J.Y.; Hu, Y. L. Coord. Chem. Rev. 2006, 250, 47-65. (f) Ittel, S. D.;
Johnson, L. K; Brookhart, M. Chem. Rev. 2000, 100, 1169-1203.
(g) Nakamura, A; Ito, S.; Nozaki, K. Chem. Rev. 2009, 109, 5215~
5244. (h) Chen, E. Y.-X. Chem. Rev. 2009, 109, 5157-5214.

(2) (a) Mecking, S.; Johnson, L. K.; Wang, L.; Brookhart, M. J. Am.
Chem. Soc. 1998, 120, 888-899. (b) Youkin, T. R,; Connor, E. F;
Henderson, J. L; Friedlich, S. K.; Grubbs, R. H.; Bansleben, D. A. Science
2000, 287, 460-462. (c) Li, W. X;; Zhang, X.; Meetsma, A.; Hessen, B.
J. Am. Chem. Soc. 2004, 126, 12246-12247. (d) Kochi, T.; Noda, S.;
Yoshimura, K.; Nozaki, K. J. Am. Chem. Soc. 2007, 129, 8948-8949. (e)
Ito, S.; Munakata, K.; Nakamura, A.; Nozaki, K. J. Am. Chem. Soc. 2009,
131, 14606-14607. (f) Luo, S.; Vela, J.; Lief, G. R; Jordan, R. F. J. Am.
Chem. Soc. 2007, 129, 8946-8947. (g) Bouilhac, C.; Riinzi, T.; Mecking,
S. Macromolecules 2010, 43, 3589-3590. (h) Guironnet, D.; Caporaso,
L.; Neuwald, B.; Schnetmann, I. G.; Cavallo, L.; Mecking, S. J. Am. Chem.
Soc. 2010, 132, 4418-4426. (i) Popeney, C. S.; Guan, Z. B. J. Am. Chem.
Soc. 2009, 131, 12384-12393.

(3) (a) Li, X. F; Li, Y. G; Li, Y. S; Chen, Y. X; Hu, N. H.
Organometallics 2008, 24, 2502-2510. (b) Coffin, R. C.; Diamanti,
S. J; Hotta, A.;; Khanna, V.; Kramer, E. J.; Fredrickson, G. H.; Bazan,
G. C. Chem. Commun. 2007, 3550-3552. (c) Diamanti, S.J.; Khanna, V;
Hotta, A.; Coflin, R. C.; Yamakawa, D.; Kramer, E. J.; Fredrickson, G. H.;
Bazan, G. C. Macromolecules 2006, 39, 3270-3274. (d) Schneider, Y,;
Azoulay, J. D.; Coflin, R. C.; Bazan, G. C. J. Am. Chem. Soc. 2008,
130, 10464-10465.

(4) (a) Kolb, H. C.; Finn, M. G; Sharpless, K. B. Angew. Chem., Int.
Ed. 2001, 40, 2004-2021. (b) Lutz, J. F. Angew. Chem., Int. Ed. 2007,
46, 1018-1025. (c) Binder, W. H.; Sachsenhofer, R. Macromol. Rapid
Commun. 2007, 28, 15-54. (d) Sumerlin, B. S.; Vogt, A. P. Macro-
molecules 2010, 43, 1-13.

(5) (a) Wang, J. S; Matyjaszewski, K. J. Am. Chem. Soc. 1995,
117, 5614-56185. (b) Mantovani, G.; Ladmiral, V.; Tao, L.; Haddleton,
D. M. Chem. Commun. 2008, 2089-2091. (c) Malkoch, M.; Thibault,
R. J; Drockenmuller, E.; Messerschmidt, M.; Voit, B.; Russell, T. P.;
Hawker, C.J. . Am. Chem. Soc. 2005, 127, 14942-14949. (d) Bao, H. Q.;
Lin, L; Gan, L. H; Ping, Y. A; Li, J,; Ravi, P. Macromolecules 2010,
43, 5679-5687. (e) Lim, H; Chang, J. Y. Macromolecules 2010,
43, 6943-694S. (f) Laloyaux, X.; Mathy, B.; Nysten, B.; Jonas, A. M.
Macromolecules 2010, 43, 7744-7751. (g) Qin, A.J.; Jim, C. K. W.; Lam,
J.W.Y,; Sun, J. Z,; Tang, B. Z. Chinese J. Polym. Sci. 2009, 27, 145-148.

(6) (a) Parrish, B.; Breitenkamp, R. B.; Emrick, T. J. Am. Chem. Soc.
2005, 127, 7404-7410. (b) Ladmiral, V.; Mantovani, G.; Clarkson, G. J.;
Cauet, S.; Irwin, J. L; Haddleton, D. M. J. Am. Chem. Soc. 2006,
128, 4823-4830. (c) Lutz, J. F.; Boerner, H. G.; Weichenhan, K.
Macromolecules 2006, 39, 6376-6383. (d) Jiang, X. L.; Chy, Y. F.; Liu,
J.; Zhang, G.Y.; Zhuo, R. X. Chinese J. Polym. Sci. 2011, 29, 421-426.

(7) (a) Helms, B.; Mynar, J. L.; Hawker, C. J.; Frechet, J. M. J. J. Am.
Chem. Soc. 2004, 126, 15020-15021. (b) Laurent, B. A.; Grayson, S. M.
J. Am. Chem. Soc. 2006, 128, 4238-4239. (c) Johnson, J. A.; Lewis, D. R;;
Diaz, D. D.; Finn, M. G.; Koberstein, J. T.; Turro, N. J. J. Am. Chem. Soc.
2006, 128, 6564-6565. (d) Whittaker, M. R.; Urbani, C. N.; Monteiro,
M. J. J. Am. Chem. Soc. 2006, 128, 11360-11361. (e) Gao, H. F;
Matyjaszewski, K. J. Am. Chem. Soc. 2007, 129, 6633-6639. (f) Sugai, N.;
Heguri, H.; Ohta, K;; Meng, Q. Y.; Yamamoto, T.; Tezuka, Y. J. Am.
Chem. Soc. 2010, 132, 14790-14802. (g) Yuan, Y. Y,; Du, Q; Wang,
Y. C.; Wang, J. Macromolecules 2010, 43, 1739-1746. (h) Huang, H. H.;
Dong, J. Y. Macromolecules 2010, 43, 8331-8335. (i) Tsarevsky, N. V.;
Sumerlin, B. S.; Matyjaszewski, K. Macromolecules 2005, 38, 3558-3561.

(8) Li, T; Wang, W. J; Liu, R;; Liang, W. H,; Zhao, G. F,; Li, Z. Y ;
Wu, Q.; Zhu, F. M. Macromolecules 2009, 42, 3804-3810.

(9) (a) Mazzolini, J.; Espinosa, E.; D’Agosto, F.; Boisson, C. Polym.
Chem. 2010, 1, 793-800. (b) Briquel, R; Mazzolini, J.; Bris, T. L;

Boyron, O.; Boisson, F.; Delolme, F.; D’Agosto, F.; Boisson, C.; Spitz, R.
Angew. Chem., Int. Ed. 2008, 47, 9311-9313.

(10) (a) Wang, W. J; Liy, R;; Li, Z. Y.; Meng, C. F.,; Wu, Q; Zhu,
F. M. Macromol. Chem. Phys. 2010, 211, 1452-1459. (b) Liu, R; Li, Z.Y.;
Yuan, D.; Meng, C. F.; Wu, Q.; Zhu, F. M. Polymer 2011, 52, 356-362.

(11) Chung, T. C; Lu, H. L,; Ding, R. D. Macromolecules 1997,
30, 1272-1278.

(12) Chung, T.C.; Dong, J.Y. Macromolecules 2002, 35, 2868-2870.

(13) (a) Coates, G. W.,; Hustad, P. D. J. Am. Chem. Soc. 2002,
124, 11578-11579. (b) Marathe, S.; Sivaram, S. Macromolecules 1994,
27,1083-1086. (c) Nomura, K; Takemoto, A.; Hatanaka, Y.; Okumura,
H.; Fujiki, M.; Hasegawa, K. Macromolecules 2006, 39, 4009-4017. (d)
Nomura, K; Hatanaka, Y.; Okumura, H.; Fujiki, M.; Hasegawa, K.
Macromolecules 2004, 37, 1693-1695. (e) Nomura, K.; Liu, J. Y.; Fujiki,
M.,; Takemoto, A. . Am. Chem. Soc. 2007, 129, 14170-14171.

(14) (a) Pan, L; Hong, M.; Liu, J. Y,; Ye, W. P,; Li, Y. S. Macro-
molecules 2009, 42, 4391-4393. (b) Pan, L.; Liu, J. Y.; Ye, W. P.; Hong,
M.,; Li, Y. S. Macromolecules 2008, 41, 2981-2983. (c) Li, X. F;
Baldamus, J.; Nishiura, M.; Tardif, O.; Hou, Z. M. Angew. Chem., Int.
Ed. 2006, 45, 8184-8188. (d) Li, X. F.; Hou, Z. M. Macromolecules 2005,
38, 6767-6769. (e) Naga, N. J. Polym. Sci,, Part A: Polym. Chem. 2005,
43,1285-1291. (f) Simanke, A. G.; Galland, G. B. J. Polym. Sci,, Part A:
Polym. Chem. 2002, 40, 471-48S. (g) Shiono, T. J. Polym. Sci,, Part A:
Polym. Chem. 2007, 45, 4581-4587.

(15) Chung, T. C; Lu, H. L; Li, C. L. Macromolecules 1994,
27,7533-7537.

(16) Li, X. F.; Dai, K; Ye, W. P,; Pan, L; Li, Y. S. Organometallics
2004, 23, 1223-1230.

(17) (a) Terao, H,; Ishii, S.; Mitani, M.; Tanaka, H.; Fujita, T. . Am.
Chem. Soc. 2008, 130, 17636-17637. (b) Yang, X. H,; Liu, C. R.; Wang,
C,; Sun, X. L;; Guo, Y. H,; Wang, X. K.; Wang, Z.; Xie, Z. W.; Tang, Y.
Angew. Chem., Int. Ed. 2009, 48, 8099-8102.

(18) Wendt, R. A; Fink, G. Macromol. Chem. Phys. 2002, 203,
1071-1080.

5665 dx.doi.org/10.1021/ma2010537 [Macromolecules 2011, 44, 5659-5665



