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ABSTRACT: We investigate the one-pot synthesis of a new R,ω-bistrithiocarbonyl-end functionalized
telechelic cis-1,4-polyisoprene (Pip) via metathesis degradation from natural rubber (NR) in the presence of
theGrubbs second generation catalyst (GII) and a bistrithiocarbonyl-end functionalized olefin as a chain transfer
agent (CTA). When the metathesis degradation of the NR of 2� 106 g mol-1 molecular weight is performed in
toluene at 25 �C using the ratio of [Ip]0/[GII]0/[CTA]0= 100/1/1 (Ip= isoprene units), a cis-1,4-polyisoprene of
14000 g mol-1 after 4 h is obtained. The functionality estimated by 1HNMR spectroscopy is equal to 1.5( 0.1.
The structure of telechelic cis-1,4-polyisoprene was confirmed by combination of 1H NMR, 13C NMR spec-
troscopy and FTIR. The influence of the CTA concentration was investigated. It was found that using higher
concentrations of CTA ([Ip]0/[GII]0/[CTA]0 of 100/1/2 and 100/1/5) lead to form a perfectly telechelic cis-1,4-
polyisoprene with a functionality of 2 with no significant difference inMn values (approximately 6400 g mol-1)
and in polydispersity indices (∼1.70). The new well-defined R,ω-bistrithiocarbonyl-end functionalized telechelic
cis-1,4-polyisopreneswereused successfully asmacromolecular chain transfer agents (macroCTAs) tomediate the
RAFT polymerization of t-BA using AIBN as the initiator ([t-BA]0/[macroCTA]0/[AIBN]0 = 500/1/0.4) in
toluene at 60 �C leading to well-defined P(t-BA)-b-PIp-b-P(t-BA) triblock copolymers.

Introduction

Telechelic unsaturated polymers are good candidates to obtain
block copolymers with a wide range of applications. For instance,
block copolymers containing polyisoprene (PIp) as a constituent
have found applications as nanofibers,1 thermoplastic elastomers,2

pressure sensitive adhesives,3,4 andbiocompatiblematerials.5,6 The
PIp block is essentially synthesized by living anionic polymerization
of isoprene (Ip),7-16 by controlled/living radical polymerization
(CRP) of isoprene,17-27 or ring-opening metathesis polymeri-
zation of 1,5-dimethyl-1,5-cyclooctadiene.28 The cis-1,4-polyiso-
prene block can be obtained from natural rubber (NR) which is a
biomacromolecule and a renewable resource. It is well-known that
strictly cis-1,4-microstructure of NR provides unique and special
properties, including good elastomeric properties, very low glass
transition temperature, excellent flexibility, good “green” strength,
and building tack. Therefore, the synthesis of telechelic cis-1,4-
polyisoprene fromNR(TNR) opens new synthetic routes to devel-
op materials based on a biopolymer from a renewable resource.
The block copolymers obtained from NR can lead to new mate-
rials with properties suitable for a number of potential applications
including microemulsion elastomers29 for the paint industry,
adhesives,3,4 and nanoporous materials.30 The transformation of
NR into TNR can be obtained by combining chain cleavage
reaction of NR with a postfunctionalization reaction. The most
widely used methods to produce TNR derivatives are controlled
oxidative degradation, photodegradation or metathesis degrada-
tion.31Our group has focused on selective degradation of synthetic
cis-1,4-polyisoprene usingwell-controlled oxidative chain cleavage

reaction leading to new carbonyl telechelic cis-1,4-polyisoprene32

and the chemical modification of carbonyl end-groups has led to
the development of new hydroxyl6,33 and amino telechelic polyiso-
prenes.34 The hydroxyl telechelic polyisoprene was engaged as a
precursor in the synthesis of linear polyurethanes for biological
materials6 and foams applications.35,36 However, this technique
requires several steps to obtain the precursor of the desired prod-
ucts. Alternatively, we have also developed a method for the
preparation of acetoxy-telechelic polyisoprene in a single-step
process via themetathesis degradation of cis-1,4-polyisoprene.37,38

To the best of our knowledge, no study has been reported on the
single-step synthesis of telechelic cis-1,4-polyisoprene suitable to be
employed as precursors for controlled/living radical polymeriza-
tions (CRPs) in order to obtain block copolymers. Among CRP
techniques,39 reversible addition/fragmentation chain transfer
(RAFT) polymerization40 is recognized as oneof themost versatile
method for the synthesis of block copolymers since it is compatible
with a wide range of unprotected polar monomers41 including
acrylic acid.42 The most common RAFT chain transfer agent
(CTA) contains thiocarbonylthio groups that are easily removed
or modified by a variety of methods.43

Herein, we have investigated the one-pot synthesis of original
telechelic cis-1,4-polyisoprenes (PIp) through a metathesis de-
gradation of NR using Grubbs second generation catalyst (GII)
and a bistrithiocarbonyl-end functionalized olefin as a CTA (2,
Scheme 1A). The resulting PIp were used as difunctional macro-
CTAs to mediate the polymerization of tert-butyl acrylate to
form ABA triblock copolymers via the RAFT process. To the
best of our knowledge, no previous studies have been reported on
the one-pot synthesis of such R,ω-bistrithiocarbonyl-end func-
tionalized telechelic cis-1,4-polyisoprene suitable to be used in
RAFT polymerization.
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þ33 (0)2 43 83 33 30. Fax: þ33 (0)2 43 83 37 54.
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Experimental Section

General Characterization. NMR spectra were recorded on a
Bruker Avance 400 spectrometer for 1H NMR (400 MHz), 13C
NMR (100 MHz). Chemical shifts are reported in ppm downfield
from tetramethylsilane (TMS). Molecular weights and molecular
weight distributions were measured using size exclusion chroma-
tography (SEC) on a system equipped with a SpectraSYSTEMAS
1000 autosampler, with a Guard column (Polymer Laboratories,
PLgel 5μmGuard column, 50� 7.5mm) followedby twocolumns
(Polymer Laboratories, 2 PL gel 5 μm MIXED-D columns, 2 �
300� 7.5) andwith aSpectraSYSTEMRI-150detector. The eluent
used was tetrahydrofuran (THF) at a flow rate of 1 mL min-1 at
25 or 35 �C.Narrowmolecular weight linear polystyrene standards
(ranging from580 gmol-1 to 4.83� 105 gmol-1) were used to cali-
brate the SEC. Infrared spectra were recorded on a Nicolet Avatar
370 DTGS FT-IR spectrometer in the 4000-500 cm-1 range with
KBr pellets and controlled by OMNIC software. Matrix-assisted

laser desorption ionization time-of-flight (MALDI-TOF) mass
spectra were recorded on a Bruker Biflex III equipped with a
nitrogen laser (lZ337 nm). All mass spectra were obtained in
the linear mode with an acceleration voltage of 19 kV. The
delay time was 200 ns. Typically, 100 single-shot acquisitions
were summed to give a compositemass spectrum. All data were
reprocessed using the Bruker XTOF software. Thermal transi-
tion of samples was measured by DSC Q100 (TA Instrument)
differential scanning calorimeter equipped with the cooling
system that temperature can be decreased to -90 �C. Samples
were put in the aluminum capsule and empty capsule was used
as inert reference. All experiments were carried out under
nitrogen atmosphere at flow rate 50 mL/min with weight of
sample from 5 to 10 mg. Two scans from -80 to þ60 �C were
performed with a heating and cooling rate of 10 �C/min, and
the glass transition temperature was recorded.

Materials. All chemicals were purchased from Aldrich unless
otherwise noted. Oxalyl chloride (99%), cis-but-2-ene-1,4-diol

Scheme 1. Synthesis of the Bistrithiocarbonyl-End Functionalized CTA 2 (A) and Synthesis of R,ω-Bistrithiocarbonyl-cis-1,4-polyisoprene 7 from
Natural Rubber (NR) via Metathesis Degradation (B)
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(97%), toluene (99%), ethyl vinyl ether (99%), tricyclohexyl-
phosphine [1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-
ylidene] benzylidineruthenium(IV) dichloride (99%þ) (Grubbs
second generation catalyst, GII), 2-propanol (99%) (Fisher Scien-
tific), and anisole (99%) were used as received. Dichloromethane
(99%þ) andmethanol (99%)were distilled overCaH2 prior to use.
tert-butyl acrylate (t-BA, 99%) was purified by passing through
neutral alumina column to remove inhibitor. 2,2-Azobis(2-methyl-
propionitrile) (AIBN, 98%) was recrystallized into methanol prior
to use. NR latexwas preservedwith ammonia solution 0.7% (w/w)
(dry rubber content, DRC=60%,Mw=2� 106 gmol-1, Pattani
Industrial, Thailand) and non rubber impurities were removed by
urea treatment, nonionic surfactant washing and double centrifu-
gation followed by coagulation with methanol and dried.44 The
RAFT agent, S-1-dodecyl-S0-(R,R0-dimethyl-R00-acetic acid) tri-
thiocarbonate, (1, Scheme 1A) was prepared according to a proce-
dure reported in the literature.45 The bistrithiocarbonyl-end func-
tionalized olefin used as CTA (2, Scheme 1A) was synthesized as
described previously.46

Functional Metathesis Degradation Procedure. A general proce-
dure for metathesis degradation of NR to obtain difunctional tele-
chelic cis-1,4-polyisoprene (7, Scheme 1B) is described. Amagnetic
stirrer was charged to a dry Schlenk tube fitted with a rubber
septum. A degassed solution of purified NR (0.7 g, 0.0103 mol)
dissolved in toluene (20 mL) was added. Separately, a solution of
the difunctional CTA (2, Scheme 1A) (0.1606 g, 0.2056mmol) and
Grubbs II catalyst (GII, 0.0873 g, 0.1028 mmol) in toluene (4 mL)
was degassed by sparging with argon and stirred for 15 min. The
resulting solution of difunctional CTA andGrubbs II catalyst was
transferred into the solution of NR using a degassed syringe
(defining t = 0) at 25 �C. Aliquots were withdrawn from the
reaction solution after 2, 4, 6, and 8 h. When this time had elapsed
the metathesis reaction was quenched by adding ethyl vinyl ether
into the reactionsolutionunderanargonatmosphere.The resulting

solutionwas concentrated under vacuumat room temperature and
was purified by a series of precipitations from dichloromethane
(minimum volume) into 2-propanol (100 mL) at room tempera-
ture. The isolated polymer was dried under vacuum to remove any
trace of solvent. It was then further analyzed by 1HNMRspectros-
copy, 13C NMR spectroscopy, FTIR spectroscopy and SEC.
Yield: 76%. 1H NMR (CDCl3): δ (ppm) 5.86-5.70 (br, chain-
end, cis -CHdCH), 5.60-5.50 (br, chain-end, trans -CHdCH),
5.38-5.28 (br, chain-end; -C(CH3)dCH-), 5.14 (br, polyiso-
prene backbone, -C(CH3)dCH), 4.72-4.65 (d, chain-end, -C-
(CH3)dCH-CH2OC(O)-), 4.65-4.56 (d, chain-end,-C(CH3)d
CH-CH2OC(O)- and-CHdCH-CH2OC(O)-), 4.56-4.50 (d,
chain-end, -CHdCH-CH2OC(O)-), 3.25 (t, C(S)-SCH2CH2-
R), 2.12-1.95 (br, polyisoprene backbone, -CH2C(CH3)dCH-
and -C(CH3)dCHCH2), 1.70-1.60 (br, polyisoprene back-
bone,-C(CH3)dCH,andchain-end-SC(CH3)2C(O)O-), 1.20-
1.40 (br, chain-end,-SCH2(CH2)10CH3), 0.86 (t,-S(CH2)11CH3).

13
C NMR (CDCl3). δ (ppm) 135.21(cis-1,4-polyisoprene

backbone, -C(CH3)dCH-), 125.02 (cis-1,4-polyisoprene back-
bone, -C(CH3)dCH-), 36.8 (chain-end, C(S)-SCH2CH2-),
32.2 (cis-1,4-polyisoprene backbone, -CH2C(CH3)dCH-),
31.92, 29.64, 29.63, 29.57, 29.46, 29.35, 29.12, 28.95, 27.86 (chain-
end, -SCH2(CH2)9CH2CH3, 26.39 (cis-1,4-polyisoprene back-
bone, -C(CH3)dCH-CH2-), 25.36 (chain-end, -SC(CH3)2-
C(O)O-), 23.44 (cis-1,4-polyisoprene backbone -C(CH3)d
CH-), 22.70 (chain-end, -SCH2(CH2)8CH2CH3), 14.14 (chain-
end, -CH3).

FTIR. ν (cm-1) 3032 (H-CdC), 2962-2854 (CH2, CH3), 1735
(chain-end, -CdO), 1666 (polyisoprene backbone-CdC-),
1448 (polyisoprene backbone -CH2), 1376 (polyisoprene back-
bone,-CH2), 1259 (chain-end,C-O-), 1082 (chain-end,-C-S),
836 (polyisoprene backbone, -CH).

ATypical RAFT Polymerization.A typical procedure is given
for the polymerization of tert-butyl acrylate (t-BA) mediated by

Figure 1.
1HNMRspectra (toluene-d8) of the resultingmixture solutionbetweenCTAandGrubbs II catalyst (A),CTA 2 (B), andGrubbs II catalyst (C).
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R,ω-bistrithiocarbonyl-end functionalized telechelic cis-1,4-poly-
isoprene (7, Scheme 1B) used as macroCTA and using AIBN as
the initiator ([t-BA]0/[macroCTA]0/[AIBN]0= 500/1/0.4). Amag-
netic stir bar was charged to a Schlenk tube together with the CTA
(0.3160g, 0.051mmol), t-BA(3.65mL,0.028mol),AIBN(0.0033g,
0.020 mmol), toluene (1 mL, 20% v/v), and anisole (0.17 mL, 5%
v/v).Then, the reactionmixturewasdeoxygenatedbybubblingwith
argon for 15min. The polymerizationwas initiated by immersion in
a thermostated oil bath at 60 �C. Samples were withdrawn from the
reaction mixture via a degassed syringe for conversion monitoring
(by 1H NMR spectroscopy) and molecular weight analysis (by
SEC).At the endof reaction, thepolymer solutionwas concentrated
under vacuumusing rotary evaporation andwas purified by a series
of precipitations from dichloromethane (minimum volume) into an
ice cold 1:1 mixture of water and methanol. The copolymer was
separated by filtration and dried under vacuum until constant
weight. It was then further analyzed by 1H NMR spectroscopy,
13CNMR spectroscopy and SEC. Yield: 80%. 1HNMR (CDCl3):
δ (ppm) 5.86-5.70 (br, chain-end, cis -CHdCH-), 5.60-5.50
(br, chain-end, trans-CHdCH-), 5.16 (br, polyisoprene back-
bone,-C(CH3)dCH), 4.72-4.65 (d, chain-end,-C(CH3)dCH-
CH2OC(O)-), 4.65-4.56 (d, chain-end,-C(CH3)dCH-CH2OC-
(O)- and -CHdCH-CH2OC(O)-), 4.56-4.50 (d, chain-
end,-CHdCH-CH2OC(O)-) 3.32 (t, C(S)-SCH2CH2R), 2.40-
2.15(br,P(t-BA) backbone,-CH2-CHC(O)-),2.12-1.95(br,poly-
isoprene backbone, -CH2C(CH3)dCH- and -C(CH3)=CH-
CH2-), 1.90-1.70 (br, P(t-BA) backbone -CH2-CHC(O)-),
1.70-1.60 (br, polyisoprene backbone, -C(CH3)dCH-, and

chain-end -SC(CH3)2-C(O)O-), 1.55-1.30 (br, P(t-BA) back-
bone -OCH(CH3)3), 1.20-1.40 (br, chain-end -SCH2CH2-
(CH2)9CH3), 0.86 (t, S(CH2)11CH3).

13C NMR (CDCl3): δ (ppm) 174.16 (P(t-BA) backbone, -C
(O)-O-), 135.21 (cis-1,4-polyisoprene backbone, -C(CH3)d
CH-), 125.02 (cis-1,4-polyisoprene backbone,-C(CH3)dCH-),
80.41 (P(t-BA) backbone, -C(O)-O-C(CH3)3), 42.42 (P(t-BA)
backbone, -CHC(O)-O-C(CH3)3), 37.41, (chain-end, C(S)-
SCH2CH2-), 32.20 (cis-1,4-polyisoprene backbone, -CH2C-
(CH3)dCH-), 31.92, 29.64, 29.63, 29.57, 29.46, 29.35, 29.12,
28.95, 27.86 (chain-end, -SCH2(CH2)9CH2CH3, 28.14 (P(t-
BA) backbone, -O-C(CH3)3), 26.39 (1,4-cis- polyisoprene
backbone-C(CH3)dCH-CH2-), 23.44 (cis-1,4-polyisoprene
backbone -C(CH3)dCH-), 22.70 (chain-end, -S(CH2)9-
CH2CH3), 14.14 (chain-end, -CH3).

Results and discussion

Functional Metathesis Degradation. Herein, we investigated
the synthesis of R,ω-bistrithiocarbonyl-end functionalized tele-
chelic cis-1,4-polyisoprene via metathesis degradation of NR
usingGrubbs second generation catalyst (GII) and a bistrithio-
carbonyl-end functionalized olefin (2) as the CTA (Scheme 1).
The difunctional CTA was reacted with Grubbs II catalyst in a
stoichiometrical ratio in toluene-d8 at 25 �C and the resulting
product analyzed by 1HNMRspectroscopy (Figure 1) and 2D-
correlation spectroscopy (COSY) (Figure 2). New peaks were
observed in 1HNMRspectrum (Figure 1) at 5.35 and 4.14 ppm

Figure 2. COSY spectrum (toluene-d8) of the resulting mixture solution between CTA 2 and Grubbs II catalyst.
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that are attributed to the olefinic proton, 10([Ru]dCHCH2OC-
(O)-R) and to aliphatic protons, 20 ([Ru]dCHCH2OC(O)-R),
respectively. In addition, new peaks were found at 4.36 ppm, at
5.87-5.80 ppmand at 6.15-6.10 ppmcorresponding to 200 (Ph-
CHdCHCH2OC(O)-R), to 4 (Ph-CHdCHCH2OC(O)-R),
and to 40 (Ph-CHdCHCH2OC(O)-R), respectively. COSY
two-dimensional NMR experiment was used to confirm these
structures. In the COSY spectrum (Figure 2), the signal at 4.14
ppm corresponding to aliphatic protons 20 is correlatedwith the
signal centered at 5.35 ppm, corresponding to the olefinic
proton, 10. We can also observe the correlation between the
signals 6.15-6.10 ppm and 5.87-5.80 ppm, corresponding to
alkenes proton 40 and 4, with the signal at 4.36 ppm, corre-
sponding to aliphatic protons 200. Thus, itwas confirmed that the
Grubbs II catalyst reactswithdifunctionalCTA(2, Scheme1A)
to result in thenewrutheniumcarbenemolecule (3, Scheme1A).
This new catalyst (3, Scheme 1A) undergoes the metathesis
degradation at 25 �Cwith double bonds of NR (4, Scheme 1B)
to formR,ω-bistrithiocarbonyl-end functionalized telechelic cis-

1,4-polyisoprene (7, Scheme 1B). Therefore, the one-pot degra-
dation and functionalization reactions can continuously take
place in a catalytic fashion.

A first attempt for the preparation of telechelic NR (entryA-
2, Table 1) was performed in toluene using Grubbs II catalyst
and bistrithiocarbonyl-end functionalized olefin (2, Scheme 1A)
as the CTA. The reaction was carried out at room temperature
for 4 hwith a ratio of [Ip]0/[GII]0/[CTA]=100/1/1. The resulting
polymerwas characterizedby 1HNMRspectroscopy (Figure 3)
and2D-correlationspectroscopy (COSY) (Figure4).An intense
signal corresponding to ethylenic protons at 5.16 ppm
(4, -(CH3)CdCHCH2-) was observed in 1H NMR spectros-
copy(Figure3).This result indicates that telechelicpolyisoprenes
with 1,4-microstructure are obtained. In addition, new peeks
werealsoobservedat5.86-5.70ppm,at5.60-5.50ppm,at5.38-
5.28 ppmand at 4.72-4.50 ppm corresponding to 5 (cis-CHd
CH), 5 (trans -CH=CH), 3 (-C(CH3)dCH) and 2 (-C-
(CH3)dCH-CH2OC(O)-) or 6 (-CHdCH-CH2OC(O)-),
respectively. COSY two-dimensional NMR experiment

Table 1. Metathesis Degradation of NR Using Grubbs II Catalyst and Difunctional Chain Transfer Agent 2 in Toluene at 25 �C after 4 h

entry [Ip]0/[GII]0/[CTA]0 Mn,SEC
a (g mol-1) Mn,NMR

b (g mol-1) functionalityc PDId yield (%)

A-1 200/1/1 23 000 16 400 1.4 ( 0.1 1.83 78
A-2 100/1/1 10 200e 7 200 1.5 ( 0.1 1.76 76
A-3 100/1/2 8 200e 6 200 2.0 ( 0.1 1.70 76
A-4 100/1/5 8 200 6 400 2.0 ( 0.1 1.67 70

aExperimental number-averagemolecular weightmeasured by size exclusion chromatography (SEC) calibrated with polystyrene standards at 35 �C.
bDetermined by 1H NMR spectroscopy according to Mn = [(I4 � 68)/(I1/4)] þ 848. cDetermined by 1H NMR spectroscopy and using eq 1.
dPolydispersity index measured by SEC. eExperimental number-average molecular weight measured by size exclusion chromatography (SEC)
calibrated with polystyrene standards at 25 �C.

Figure 3. 1H NMR spectra of difunctional telechelic cis-1,4-polyisoprenes: entry A-2, Table 1 (A) and entry A-3, Table 1 (B).
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was used to confirm these structures. In theCOSY spectrum
(Figure 4), the signals centered at 5.78 and at 5.55 ppm
corresponding to cis- and trans-ethylenic protons, 5, are
correlated with the signal centered at 4.53 ppm correspond-
ing to aliphatic proton 6. We can also observe the correla-
tion of the signal at 5.83 ppm, the signal centered at 5.55 ppm
and the signal centered at 5.34 ppm corresponding respec-
tively to cis-ethylenic proton, 5(cis-), trans-ethylenic pro-
ton, 5(trans-), and isoprenic proton, 3, with the signal
centered at 4.62 ppm corresponding to aliphatic protons,
6 and 2. In addition, we can observe the correlation of the
signal at 5.34 ppm corresponding to isoprenic proton, 3,
with the signal centered at 4.68 ppm corresponding to
aliphatic protons, 2.

13CNMR spectroscopy (Figure 5) was used to identify the
1,4-microstructure of telechelic polyisoprenes. The signals
observedat 135.21 (1,-C(CH3)dCH-), 125.02 (2,-C(CH3)d
CH-), 32.2 ppm (3, -CH2C(CH3)dCH-), 26.39 (5, -C-
(CH3)dCHCH2-), and 23.44 ppm (7, -C(CH3)dCH-) cor-
respond to the cis-1,4- polyisoprene unit. There are no signals at
131.2 ppm (-C(CH3)dCH-), 124.27 (-C(CH3)dCH-),
40.02 ppm (-C(CH3)dCHCH2-), 16.00 (-C(CH3)dCH-)
corresponding to the trans-1,4-polyisoprene unit.47 This result
confirmed that the telechelic polyisoprene is a strictly cis-1,4-
polyisoprene. By contrast, the synthesis of telechelic polyiso-
prene through anionic polymerization,48,49 NMP21 or RAFT
polymerization24-26 gives a mixture of 1,4-addition, 1,2-addi-
tion, and 3,4-additionproducts.On theother hand, the synthesis
of telechelic polyisoprene via the ring-opening metathesis

polymerization of 1,5-dimethyl-1,5-cyclooctadiene gives a mix-
ture of telechelic cis-1,4 and trans-1,4-polyisoprene.28

In order to determine the average functionality (fn) of
telechelic cis-1,4-polyisoprene, the number-average polym-
erization degree (DPn) of the oligomers determined by 1H
NMR spectroscopy was compared with the DPn determined
by SEC. The DPn of cis-1,4-polyisoprene from 1H NMR
spectroscopy was calculated by comparing the relatives
integrations of the methylene protons (2 and 6, Figure 3)
of the chain-ends at 4.72-4.50 ppm, with those of the
isoprenic protons (4, Figure 3) of polyisoprene backbone
at 5.16 ppm. The functionality was then calculated according
to eq 1 which is an adaptation of the equation used by Pham
et al.50,51 for hydroxytelechelic polybutadiene obtained by
radical or anionic polymerization.

fn ¼ I2 þðI6þ 2Þ=2þ I6

I4
�Mn, sec� � B

Misoprene
ð1Þ

with I2 corresponding to the relative integration of aliphatic
protons 2 of isoprene chain-end unit at 4.72-4.68 ppm
(Figure 3); I6þ2 corresponding to the relative integration of
aliphatic protons 6þ 2 of isoprene and butadiene chain-ends
unit at 4.68-4.56 ppm (Figure 3); I6 corresponding to the
relative integration of aliphatic protons 6 of butadiene chain-
end unit at 4.56-4.50 ppm (Figure 3); I4 corresponding to the
relative integration of vinylic protons 4 of isoprene backbone
unit at 5.16 ppm (Figure 3); Mn,SEC* is the number-average
molecular weight of telechelic cis-1,4-polyisoprene determined

Figure 4. COSY spectrum of the difunctional telechelic cis-1,4-polyisoprene (entry A-2, Table 1).
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by SEC at 25 �C;B is the Benoı̂t factor value52 of polyisoprene
equal to 0.67;Misoprene is themolarmass of isoprene unit equal
to 68 g mol-1.

The resulting functionality for the cis-1,4-polyisoprene
telechelic (entryA-2, Table 1) was equal to 1.5( 0.1.We believe
that under these conditions the low concentration of CTA gives
rise to some active free ruthenium carbene (8, Scheme 2), which
could be involved in backbiting reactions leading to the forma-
tion of nonfunctional cyclic products (80, Scheme 2). Finally,
ethyl vinyl ether used to stop the reaction leads to oligomer
vinylic chain-ends (800, Scheme 2). These reactions limit the
functionality of the so-obtained polyisoprenes.

The evolution of number-average molecular weight of
telechelic cis-1,4-polyisoprenewith reaction time is presented
in Figure 6. It illustrates that metathesis degradation pro-
ceeds in two relatively distinct steps. A very rapid decrease of
the molecular weights of the cis-1,4-polyisoprene is observed
over the first 2 h, corresponding to a drop from 2� 106 g
mol-1 to 14 000 g mol-1. In the initial stage of the reaction,
an active ruthenium carbene reacts rapidly with the double

Scheme 2. Formation of Non-Functional Chain-Ends

Figure 6. Evolution of the telechelic cis-1,4-polyisoprene number-aver-
age molecular weight as a function of reaction time (entries A-1 to A-3,
Table 1).

Figure 5. 13C NMR spectrum of telechelic cis-1,4-polyisoprene (entry A-2, Table 1).
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bonds of the cis-1,4-polyisoprene backbone leading to a
decrease of molecular weight. In addition, the active ruthe-
nium carbene at the chain-end can also react with the double
bonds of cis-1,4-polyisoprene via intermolecular metathesis
reactions. Then, in a second period from 2 to 8 h, the
molecular weight of the polymer decreases slowly but con-
tinually to form telechelic cis-1,4-polyisoprene with a final
average molecular weight of approximately 5800 g mol-1.
This is also proved53-55 by the fact that at very long reaction
times intramolecular metathesis reactions can occur to form
cyclic oligomers. The resulting cyclic oligomers were con-
firmed by MALDI-TOF MS analysis (Figure 7). The Agþ

ionized MALDI spectrum of oligomers isolated after preci-
pitation of the higher molecular weight fraction using 2-pro-
pranol reveals cyclic polyisoprenic species. For example, the
signal at m/z= 583 corresponds to a cyclic polyisoprene
consisting of n = 7 isoprene units ionized by Agþ (Mcal =
107þ 7� 68=583 gmol-1; where 107 gmol-1 is themass of
silver atom and 68 g mol-1 is the mass of isoprene unit). This
experimental value is in good agreement with the theoretical
mass calculated (583 g mol-1, monoisotopic peak), confirm-
ing the formation of cyclic oligomers via backbiting reaction.

In order to obtain better control of the molecular weight
andchain-end functionalityof telechelic cis-1,4-polyisoprene, the
effect of changing the ratio of [Ip]0/[GII]0/[CTA]0 (entriesA-1 to

A-4, Table 1) was studied. When the ratio of [Ip]0/[GII]0/
[CTA]0 is equal to 200/1/1(entryA-1, Table 1), it was found that
the evolution of the number-average molecular weight of tele-
chelic cis-1,4-polyisoprene with time followed a similar two-step
profile to thatobserved for sampleA-2 (Table 1).During the first

Figure 7. MALDI-TOF mass spectrum of the cyclic polyisoprene oligomers obtained via backbiting reaction. The inset shows the theoretical
distribution at m/z 583.

Scheme 3. Formation of Difunctionalized Telechelic cis-1,4-Polyisoprene

Scheme 4. Synthesis of P(t-BA)-b-PIp-b-P(t-BA) by RAFT Polymer-
ization Usingr,ω-Bistrithiocarbonyl End-Functionalized Telechelic cis-

1,4-Polyisoprene as MacroCTA
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stage, a period of 2 h, theMn decreased rapidly from 2 � 106 g
mol-1 to 34 000 g mol-1. After 2 h, theMn decreased slowly to
formtelechelic cis-1,4-polyisoprenewitha finalmolecularweight
of about 10000 g mol-1 after a period of 8 h (Figure 6). How-
ever, the final telechelic cis-1,4-polyisoprene has a higher molec-
ular weight corresponding to a higher initial ratio of [Ip]0/
[GII]0/[CTA]0. Moreover, the functionality of telechelic cis-1,4-
polyisoprene obtained was unaffected and remained less than 2.
In order to form a perfectly difunctional telechelic cis-1,4-poly-
isoprene, the influence of the CTA concentration was investi-
gated. The ratio of [GII]0/[CTA]0 was set to 1/2 and 1/5, and the

ratio of [Ip]0/[GII]0 was fixed at 100/1 (entries A-3 and A-4,
Table 1).Weobserved that ratiosof [GII]0/[CTA]0of1/2and1/5
formedpolymerswitha chain-end functionality of 2as shownby
1HNMR spectrum (Figure 3B) with no significant difference in
Mnvalues and in polydispersity indices of the final telechelic cis-
1,4-polyisoprene. This is probably due to the fact that the CTA
which have not reacted with the Grubbs II catalyst may react
with the ruthenium carbene at the chain-end (8, Scheme 3)
leading to difunctionalized cis-1,4-polyisoprene (7, Scheme 3).

Synthesis of P(t-BA)-b-PIp-b-P(t-BA) Triblock Copolymers.
We investigated the synthesis of ABA triblock copolymers

Table 2. Synthesis of ABATriblock Copolymers viaRAFTPolymerization of tert-Butyl Acrylate (t-BA)Using theMacroCTA (A-3, Table 1) and
AIBN as Initiator at 60�C in Toluene

copolymer reaction time (h) convna (%) Mn,cal
b (g mol-1) Mn,SEC

c (g mol-1) PDId

S-1 2 2 9080 8200 1.75
S-2 4 15 17400 16000 1.50
S-3 4.5 21 21240 20000 1.50
S-4 5 26 24440 23300 1.50
aMonomer conversion determined using 1HNMR spectroscopy. bNumber-averagemolecular weight calculated using:Mn,calc= (conversion (%)�

[M]0/[MacroCTA]0 � MM) þ MmacroCTA where [M]0, [MacroCTA]0, MM and MmacroCTA are the initial concentration of monomer, the initial
concentration of difunctional telechelic cis-1,4-polyisoprenemacroCTA, themolecular weight ofmonomer and themolecular weight of the difunctional
telechelic cis-1,4-polyisoprene macroCTA respectively. cNumber-average molecular weight measured by size exclusion chromatography (SEC)
calibrated with polystyrene standards. dPolydispersity index measured by SEC.

Figure 8. Overlaid SEC traces of telechelic cis-1,4-polyisoprene and of P(t-BA)-b-PIp-b-P(t-BA) triblock copolymers (A), and 1H NMR spectrum of
P(t-BA)-b-PIp-b-P(t-BA) triblock copolymers (B).
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containing polyisoprene as the central block using a purified
R,ω-bistrithiocarbonyl end-functionalized telechelic cis-1,4-
polyisoprene as macroCTA (7, Scheme 4). The P(t-BA)-b-PIp-
b-P(t-BA) (9, Scheme 4) was prepared from the RAFT poly-
merization of tert-butyl acrylate using the difunctional telechelic
cis-1,4-polyisoprene (A-3, Table 1) as a macroCTA. The reac-
tionwasperformed in tolueneat 60 �CandAIBNwasusedas an
initiator ([t-BA]0/[ macroCTA]0/[AIBN]0 = 500/1/0.4). Mono-
mer conversion was determined by 1H NMR spectroscopy
by following the disappearance of the vinyl protons of t-BA at
6.40 to 5.60 ppm which were compared with methyl protons of
anisole used as an internal standard at 3.75 ppm. The macro-
molecular characteristics of block copolymers were determined
by SEC.

After a polymerization time of 5 h, the t-BA conversion
reaches 26% (Table 2). The block copolymer had a number-
average molecular weight of 23 300 g mol-1 and a polydis-
persity index of 1.50 by SEC.The SEC trace of the copolymer
(Figure 8A) showed the absence of a peak corresponding to
the PIp-macroCTA and a unimodal curve, illustrating that
the polymerization of the second block underwent chain
transfer quantitatively. The number-average degree of
polymerization of the PIp block is equal to 80 and the
one of P(t-BA) is equal to 100 as calculated by comparing
the integral of the ethylenic protons 4 of the polyisoprene
backbone resonance at 5.14 ppm to the methine protons 2
of P(t-BA) resonances at 2.4-2.1 ppm on the 1H NMR
spectrum of the copolymer (Figure 8B). The data obtained
from SEC and 1H NMR spectroscopy provide additional
evidence for the formation of the ABA triblock copolymer
based on the cis-1,4-polyisoprene from NR with the de-
sired topology.

Glass transition temperature (Tg) of PIp-macroCTA and
P(t-BA)-b-PIp-b-P(t-BA) triblock copolymer were investi-
gated by thermal analysis by differential scanning calorim-
etry (DSC) under nitrogen at 10 �C/min heating rate.A single
Tg of PIp-macroCTA was observed at -65 �C whereas the
P(t-BA)-b-PIp-b-P(t-BA) triblock copolymers showed two
values of Tg which the low temperature at -37 �C corre-
sponds to the glass transition temperature of PIp and the
higher temperature at 32 �C corresponds to the glass transi-
tion temperature of P(t-BA) as the Tg of P(t-BA) is equal to
48 �C.56 This is a supplementary proof of the successful
synthesis of P(t-BA)-b-PIp-b-P(t-BA) triblock copolymers.

Conclusion

AnewR,ω-bistrithiocarbonyl-end functionalized telechelic cis-
1,4-polyisoprene was successfully synthesized in one-pot reaction
via metathesis degradation of NR using the Grubbs II catalyst
and a bistrithiocarbonyl-end functionalized olefin as a CTA. The
influence of the Grubbs II catalyst concentration and the CTA
concentration were investigated. The functionality of telechelic
cis-1,4-polyisoprene reaches 2 when the ratio of [GII]0/[CTA]0 is
equal to 1/2 or/and 1/5 as demonstrated by 1H NMR spectros-
copy. The resulting R,ω-bistrithiocarbonyl-end functionalized
telechlelic cis-1,4-polyisoprene was successfully used as macro-
CTA for the RAFT polymerization of tert-butyl acrylate to form
P(t-BA)-b-PIp-b-P(t-BA) triblock copolymers. This polymer pre-
cursor could be of great interest in various block copolymers
applications especially regarding adhesive properties which are
still in studies currently in our laboratory. This interest is also
reinforced by the fact that such functionalized oligomers are an
alternative to few analogues coming from petroleum origin.
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