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a b s t r a c t

A new series of functional polyethylene (PE) with ester pendant (�COOR, R ¼ methyl, ethyl, n-propyl, n-
butyl, n-octyl, n-dodecyl, n-tetradecyl and n-hexadecyl) on every five main chain carbons were prepared
via ring-opening metathesis polymerization (ROMP) of COOR functionalized cyclopentene catalyzed by a
ruthenium-based catalyst and subsequent hydrogenation of the ROMP products. High monomer con-
versions (70e80%) were achieved in all the ROMP reactions. Chain structure, molecular weight and
molecular weight distribution (MWD) of the ROMP products and hydrogenated polymers were char-
acterized by 1H, 13C NMR and GPC, which showed regular distribution of the COOR pendants along the
main chain, moderate molecular weight and narrow MWD. Thermal properties and side chain crystal-
lization behaviors of the functional PEs were investigated by differential scanning calorimetry (DSC).
Glass transition temperature (Tg) of the polymer decreased for nearly 30 �C when R of the pendant COOR
was enlarged from methyl to n-octyl, and the new polymers showed lower melting temperature (Tm),
higher side chain crystallinity (Xc) and more precise side chain lamellar crystal thickness (lc) as compared
with corresponding polyacrylates carrying the same side alkyl. The new polymers exhibited moderate
thermal stability.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Polyethylene (PE) has been widely used as commodity poly-
meric materials for its easily available raw material and highly
efficient polymerization techniques [1e3]. Furthermore, for its
simple chain structures, PE-based polymers are ideal model poly-
mers for studying structureeproperty relationships. Not surpris-
ingly, well-defined polyethylene and copolymers containing PE
segments have attracted increasing attentions in functionalization
of polyolefins. Especially, well-defined ethylene-based copolymers
present more opportunities to integrate various potentially ad-
vantageous performances as compared to corresponding ill-
defined copolymers or homopolymers of similar composition [4].
In addition, knowledge of structure-properties relationship on
these precision PE would provide useful references for designing
and synthesizing novel polyolefins, including chain stacking [5],

crystallization behaviors [6,7], and thermal properties [8,9].
Ring-Opening Metathesis Polymerization (ROMP) of cyclic ole-

fins such as cyclopropene [10], cyclobutene [11,12], cyclopentene
[13e16], cyclohexene [17], cycloheptene [18], cyclooctene [19e22],
and norborene [23e27], etc. using ruthenium-based catalysts,
represents an equally powerful method of preparing perfectly
linear polyethylene and its copolymers as compared to acyclic
diene metathesis polymerization (ADMET) and other newly
discovered synthetic methods of controlling sequence distribution
[28e33]. Ruthenium-based catalysts have been preferentially
chosen to initiate the metathesis polymerization for its remarkable
catalysis efficiency, thermal and chemical stability [34,35], and
excellent tolerance toward a series of functional groups like hy-
droxyl [36], ester [37], thioether [30], etc. [38,39] Recently, high
molecular weight polymer containing polar groups was synthe-
sized by ROMP for application as oil additive to improve trans-
portation safety [40], showing bright prospects of new functional
polyolefins. Accordingly, exploring other novel materials based on
existing resource should be of great significance both in academia
and industry.
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Conventional polyacrylates have been widely used as coatings,
paints, membrane and adhesive materials [41e46]. Improving
these materials via copolymerization of ethylene and acrylate is
challenging for their drastically different reactivities [47,48]. In
recent years, novel polyethylenes containing ester groups in the
main chain or as pendant groups have been synthesized by ADMET
[49,50]. This could become a promising way to prepare new poly-
mers with similar structure to ethylene-acrylate copolymers.
However, ADMET polymerization cannot be used to effectively
synthesize polymers with short space between the incorporated
functional groups along the backbone (e.g., less than 7 methylene
sequence) [51,52]. As an effective and alternative method, ROMP of
substituted cyclopentene may allow for higher incorporation rate
of polar groups in the main chain (see Scheme 1). To the best of our
knowledge, synthesis of such functional PE with high density of
pendant ester group has not been reported before.

In this work, a series of functional PE with pendant ester groups
precisely distributed along the main chain on every five methylene
sequence was synthesized by ROMP of ester functionalized cyclo-
pentene. This kind of polymer has chain structure similar to
ethylene-acrylate copolymer of high acrylate content. The chain
structure and side chain crystallization of the obtained polymers
were explicitly characterized by NMR and thermal analysis.

2. Experimental

2.1. Materials

3-Cyclopentene-1-carboxylic acid, methanol, ethanol and other
alkyl alcohol were purchased from Sigma-Aldrich Corporation un-
less otherwise noted. And they were first degassed and dried over
molecular sieve or CaH2 for 24 h. Hoveyda-Grubbs’ second-
generation catalyst dichloro(1,3-dimesityl-2-
imidazolidinylidene)(2-isopropoxybenzylidene)ruthenium (HG-II)
was purchased from Sigma-Aldrich Corporation. All solvents were
distilled over drying agents under nitrogen before use: dichloro-
methane (DCM, CH2Cl2), diethyl ether and toluene from sodium/
potassium. p-Xylene was first degassed and dried over CaH2 for
24 h and distilled under vacuum. Other chemicals, such as dicy-
clohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP)
were of analytical grade and used as received from Energy Chem-
icals or Tokyo Chemical Industry Co., Ltd. All reactions were carried
out under nitrogen or vacuum using standard Schlenk techniques.

2.2. Characterization

1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were
recorded with a Bruker Avance III 400 spectrophotometer using the
deuterated solvent as the lock and the residual solvent or TMS as
the internal reference. Chemical shifts for 1H and 13C NMR were
referenced to residual signals fromCDCl3 (1H: d¼ 7.26 ppm and 13C:
d ¼ 77.23 ppm) and 1,2-dichlorobenzene-d4 (1H: d ¼ 7.39, 7.14 ppm
and 13C: d ¼ 132.70, 130.34, 127.51 ppm). High-resolution mass
spectrometry (HRMS) was carried out using an AB SCIEX
5600 þ TOF-MS mass spectrometer. Gel permeation chromatog-
raphy (GPC) was employed to determine MWs and PDI using
Water-150C apparatus equipped with Waters Styragel HR3 and
HR4 columns and a Water 2414 refractive index detector. THF was
used as the eluent with a flow rate of 1.0 mL/min at 40 �C. Injections
were made at 0.3% w/v sample concentration using a 50 mL injec-
tion volume. In the case of universal calibration, retention times
were calibrated against narrow MW polystyrene (PS) standards to
give number average molecular weight (Mn) and weight average
molecular weight (Mw) values. DSC analysis was performed using a
TA Q20 DSC equipped with a controlled cooling accessory at a
heating rate of 10 �C/min unless otherwise noted. The samples
were scanned for multiple cycles to eliminate thermal history of the
samples and the results reported were the third scan in the cycle.
TGA was performed on a TA Q50 instrument. The samples were
heated from 50 �C to 800 �C at a rate of 10 �C/min with N2 purging
rate of 60 mL/min.

2.3. General procedures for the synthesis of monomers

2.3.1. Methyl cyclopent-3-enecarboxylate (CP1-M)
Synthesis of the cyclic monomers was accomplished based on

the literature procedures as shown in Scheme 1. Into a 250 mL
three-neck round bottomed flask equipped with a stir bar, DCM
(100 mL) and 3-cyclopentene-1-carboxylic acid (2.5 g, 22.5 mmol)
were added and cooled to 0 �C under N2. Methanol (1 g, 31.2 mmol)
was added and then DMAP (0.35 g, 2.8 mmol) was added. The
mixture was stirred to dissolve them. DCC (11.7 g, 56.5 mmol) was
dissolved into another 50 mL DCM and then slowly transferred into
the solution above. The resultant esterification reaction was
allowed to proceed for 2 h at 0 �C and subsequently warmed to RT
for another 2 h. Then it was quenched by adding diethyl ether
(100 mL) and deionized water (50 mL), the organic phase was

Scheme 1. Synthetic routes for ester functionalized cyclopentene, their polymerization with ruthenium-based catalyst, and subsequent hydrogenation.
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