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Abstract   A series of hydroxyl-terminated polyethylenes (HTPE) bearing various functional side groups (e.g. carboxyl, ester and butane groups)
were synthesized by the combination of ring-opening metathesis polymerization (ROMP) and visible light photocatalytic thiol-ene reaction. The
products are named as α,ω-dihydroxyl-poly[(propionyloxythio)methinetrimethylene] (HTPEcarboxyl), α,ω-dihydroxyl-poly[(methylpropionatethio)
methinetrimethylene] (HTPEester) and α,ω-dihydroxyl-poly[(butylthio) methinetrimethylene] (HTPEbutane), respectively. The investigation of ROMP
indicated  that  the  molecular  weight  of  resultant  hydroxyl-terminated  polybutadiene  (HTPB)  can  be  tailored  by  varying  the  feed  ratios  of
monomer  to  chain  transfer  agent  (CTA).  The  exploration  of  the  photocatalytic  thiol-ene  reaction  between  HTPB  precursor  and  methyl  3-
mercaptopropionate  revealed  that  blue  light  as  well  as  oxygen  accelerated  the  reaction. 1H-NMR  and 13C-NMR  results  verified  all  the  double
bonds in HTPB can be modified, and the main chain of resultant polymer can be considered as polyethylene. Subsequently, relationship between
the structure of side groups and the thermal properties of functional PEs was studied. And the results suggested that the Tg was in the order of
HTPEbutane<HTPEester<HTPEcarboxyl.  Greater  interaction  between  side  groups  resulted  in  higher Tg.  Moreover,  all  the  functional  PE  samples
exhibited poor thermostability  as  compared to HTPB.  Finally,  the promising applications for  functional  PEs were explored.  HTPEcarboxyl can be
utilized  as  a  smart  material  with  pH-responsive  properties  due  to  its  pH-dependent  ionization  of  carboxyl  side  groups.  HTPEbutane can  be
employed as a macro-initiator for building the triblock copolymer due to the presence of active hydroxyl end groups. HTPEester can serve as a
plasticizer for PVC which can enhance the ductility of PVC without obviously sacrificing strength.
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INTRODUCTION

Polyethylene  (PE),  as  one  of  the  most  common  polymeric
materials,  has  been  widespread  used  in  our  daily  life  and
industrial fields, such as packaging, bags, bottles, pipes, etc.[1−4]

This  wide  range  of  applications  results  from  its  outstanding
properties,  for  instance  high  tolerance  to  harsh  environment
and superb mechanical and processing properties.[5−7] However,
although  the  mechanical  properties  of  PE  can  be  varied  by
tuning the molecular weight and branching degree, its inherent
drawbacks  such  as  poor  polarity  and  lack  of  functional  groups
are  still  unchanged  fundamentally,  which  severely  restrict  the
development  and  application  of  PE  products.[8−10] Hence,

synthesis  of  PE  analogous  products  bearing  functional  groups
and  further  study  of  their  promising  applications  are  of  great
significance in both academia and industry.

During the past decades, several strategies have been pro-
posed  to  endow  PE  with  functional  groups.  One  of  the
strategies  is  copolymerization  of  ethylene  with  functional
monomers.[11] This  strategy  faces  two  challenges.  Firstly,  the
reactivity  of  ethylene  and  functional  monomers  are  signific-
antly  different,  leading  to  the  requirement  of  harsh  copoly-
merization  conditions.  Also,  functional  monomer  content  in
the  resultant  copolymers  is  relatively  low.[12] Secondly,  polar
functional  monomers  usually  give  rise  to  catalyst  poisoning,
and thus specific catalyst with high tolerance needs to be de-
veloped.[13,14] Homopolymerization  of  functionalized  cycloo-
ctene  monomer via ring  opening  metathesis  polymerization
(ROMP) followed by hydrogenation is another strategy for ob-
taining  PE  bearing  functional  groups.[15,16] However,  in  this
strategy, the type of functional group is limited as the specif-
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ic  cyclooctene  monomers  containing  functional  groups  are
usually difficult to obtain. Otherwise, multi-step reactions are
generally  required  in  this  strategy.[17] Post-functionalization
offers  another  pathway  for  incorporating  functional  side
groups into PE backbone. However,  as PE is  chemically inert,
harsh  conditions  are  generally  required  in  the  direct  post-
functionalization  of  PE.  For  instance,  as  reported  by  Beyou
and  co-workers,  the  optimal  reaction  temperature  for  graft-
ing maleic anhydride onto PE backbone is 230 °C.[18]

In recent years, post-functionalization of polybutadiene by
thiol-ene  reaction  has  been  recognized  as  a  facile  route  for
synthesizing PE with functional  side groups.[19] Owing to the
high chemical activity of double bonds, when all the unsatur-
ated bonds are modified,  the backbone of resultant polymer
becomes PE. In general,  thermal or UV light are employed to
initiate thiol-ene reaction.[20,21] However, all the above condi-
tions are considered to be harsh and uneconomical. Recently,
visible  light  induced  thiol-ene  reaction  has  emerged  and  re-
ceived  extensive  attention  due  to  its  inherent  advantages
such  as  high  efficiency  and  being  environment-friendly.[22]

For  instance,  Boyer et  al.  reported  the  post-functionalization
of  polybutadiene  with  high  1,2-vinyl  units  content  (85%)  by
visible  light  photocatalytic  thiol-ene reaction and found that
all the double bonds could be modified in a short duration.[23]

It  is  well  known that  there  are  three  kinds  of  isomer  units  in
the  structure  of  polybutadiene,  including cis 1,4-butadiene,
trans 1,4-butadiene  and  1,2-butadiene  units.[24−26] According
to  the  established  fact  that  double  bonds  in  1,4-butadiene
units  are  10  times  less  reactive  than  the  pendant  double
bonds in 1,2-vinyl units.[27,28] Thus, to further test whether vis-
ible  light  photocatalytic  thiol-ene  reaction  can  be  employed
as an effective and versatile platform for the synthesis of func-
tional  PE,  the  post-functionalization  of  hydroxyl-terminated
polybutadiene  (HTPB)  with  high  1,4-butadiene  units  (89%)
has  also  been  investigated.[29] However,  to  the  best  of  our
knowledge, visible light photocatalytic thiol-ene reaction has
not  been  used  for  the  post-functionalization  of  HTPB  with
only 1,4-butadiene units. Additionally, compared to tremend-
ous studies focused on the synthetic routes to functional PE,
few research has  been performed to  reveal  the relationships
between  the  structure  of  functional  groups  and  the  proper-
ties  of  resultant  functional  PEs.  Moreover,  the  potential  ap-
plications  for  these  functional  PEs  are  still  needed  to  be  ex-
plored.

Based  on  the  above  considerations,  herein,  a  series  of  PE
analogous products simultaneously bearing hydroxyl termin-
ated groups and various functional side groups (e.g., carboxyl,
ester  and  butane  groups)  were  synthesized  by  combining
ROMP  with  visible  light  photocatalytic  thiol-ene  reaction.
Firstly,  HTPB with only1,4-butadiene unit  was synthesized by
ROMP  using  1,5-cyclooctadiene  as  monomer  and cis-2-
butene-1,4-diol  as  chain  transfer  agent.  Then, 1H-NMR  was
employed to track the visible light photocatalytic thiol-ene re-
action  of  HTPB  precursor,  and  the  reaction  conditions  were
optimized.  After  well-defined  structural  characterization,  the
relationships between the structure of functional side groups
and  thermal  properties  of  functional  PEs  were  investigated.
Finally,  the  promising  applications  of  these  functional  PEs
were explored.

EXPERIMENTAL

Materials
1,5-Cyclooctadiene  (COD,  99%), cis-2-butene-1,4-diol  (97%),  3-
mercaptopropionic  acid  (98%),  Grubbs  2nd generation  catalyst
and polyvinyl chloride (PVC, K-value 65–68) were all purchased
from Aladdin. Photo catalyst Ru(bpy)3Cl2 (98%) and p-toluidine
(99%)  were  purchased  from  Adamas.  Methyl  3-mercaptopro-
pionate  (>99%),  1-butanethiol  (>98%)  tetrahydrofuran  (THF,
99.5%), ε-caprolactone  (>99%),  silver  trifluoroacetate  (AgTFA,
99.9%)  and  bis(2-ethylhexyl)phthalate  (DOP,  99%)  were  all
obtained from Adamas and used as received. Trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile  (DCTB,
98%)  was  purchased  from  TCI.  Sn(Oct)2,  alcohol, N-methyl-2-
pyrrolidone  (NMP,  99%),  toluene  and  other  organic  solvents
were  all  obtained  from  Sinopharm  Chemical  Reagent  Co.,  Ltd.
Toluene was stored with 3 Å molecular sieves.

Synthesis of Hydroxyl-terminated 1,4-Polybutadiene
via ROMP
Hydroxyl-terminated 1,4-polybutadiene (HTPB) was synthesized
via ROMP by using COD as the monomer and cis-2-butene-1,4-
diol  as  the  chain  transfer  agent  (CTA).  The  polymerization  was
catalyzed  by  Grubbs  2nd generation  catalyst.  A  typical
polymerization process is briefly described as follows. COD, cis-
2-butene-1,4-diol, Grubbs 2nd generation catalyst and THF were
charged  into  a  Schlenk  tube  respectively.  Then,  a  standard
freeze-vacuum-thaw  cycle  technique  was  employed  to  ensure
oxygen  free  of  the  mixture.  After  cycled  for  three  times,  the
Schlenk tube was sealed. The polymerization was conducted at
40 °C for 2 h. Afterwards, the mixture was precipitated into cold
methanol.  The  supernatant  was  decanted,  and  the  viscous
liquid was dried under vacuum at 40 °C to yield HTPB.

Post-functionalization of HTPB via Blue Light
Catalytic Thiol-ene Reaction
Three kinds of PEs simultaneously bearing hydroxyl terminated
and  functional  side  groups  were  obtained  by  post-
functionalization  of  HTPB.  Blue  light  photocatalytic  thiol-ene
reaction  was  employed.  Synthesis  of  ester  groups  functional
HTPE  (HTPEester)  is  described  as  an  example.  HTPB  (1.36  g,
0.4  mmol,  calculated  according  to 1H-NMR)  was  thoroughly
dissolved  in  8  mL  of  NMP.  Afterwards,  Ru(bpy)3Cl2 (7.9  mg,
10.6×10−3 mmol), p-toluidine (69.6 mg, 0.65 mmol) and methyl
3-mercaptopropionate  (15.1  g,  125.7  mmol)  were  added.  The
reaction was carried out with irradiation of a blue LED bulb (7 W)
at  room  temperature.  During  the  reaction,  fresh  air  was  con-
tinuously  bubbled  into  the  system.  After  2  h  of  reaction,
unreacted  methyl  3-mercaptopropionate,  NMP  and  catalyst
were isolated by dialyzed (MWCO: 1000 g/mol)  against alcohol
and  distilled  water  sequentially.  After  dried  under  vacuum  at
40  °C,  HTPEester was  obtained  as  liquid.  For  optimizing  the
synthetic  conditions  and  giving  more  insight  into  the  reaction
process,  the  reaction  was  traced  by 1H-NMR  spectroscopy.
Meanwhile,  the  reactions  were  also  conducted  under  N2

atmosphere  with  irradiation  of  blue  LED  and  under  air
atmosphere with irradiation of natural light.

HTPEcarboxyl and HTPEbutane were synthesized according the
procedure as HTPEester. The differences are that 3-mercaptop-
ropionic acid and 1-butanethiol were used as the raw materi-
als respectively, and the reaction time was prolonged to 10 h.
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Preparation of Triblock Copolymer Using HTPEbutane
as Macro-initiator
HTPEbutane was  used  as  a  macro-initiator  for  synthesis  of  novel
triblock  copolymer  named  polycaprolactone-b-polyethylene
(bearing  butane  functional  side  groups)-b-polycaprolactone
(PCL-b-PEbutane-b-PCL).  HTPEbutane (200  mg), ε-caprolactone
(200  mg)  and  Sn(Oct)2 (10  mg)  were  dissolved  thoroughly  in
5  mL of  anhydrous  toluene.  The mixture  was  bubbled with  N2

for  20  min,  and  then  sealed  off.  The  polymerization  was
conducted at  110 °C for 8 h.  After  polymerization,  toluene was
removed by rotary evaporation. The crude product was further
dissolved  in  THF,  and  purified  by  dialyzing  (MWCO:  1000)
against  alcohol  and  distilled  water  sequentially.  After  dried
under vacuum at 40 °C, PCL-b-PEbutane-b-PCL was obtained as a
light yellow waxy solid.

Preparation of the PVC Film by Using HTPEester as a
Plasticizer
Pure PVC and plasticized PVC films were prepared by a solution-
casting  method  according  to  the  literature.[30] For  comparison,
PVC  film  plasticized  by  the  most  popular  plasticizer  DOP  was
also prepared. Briefly, 3 g of PVC powder was dissolved in 50 mL
of THF. After the mixture turn to transparent, 1.2 g of plasticizer
was  added.  The  mixture  was  allowed  to  be  stirred  at  room
temperature  for  at  least  12  h,  and  then  poured  into  a  9  cm-
diameter  glass  petri  dishes.  After  placed  at  room  temperature
for  3  days,  petri  dishes  were  moved  to  a  vacuum  oven.  The
residual THF was further volatilized under vacuum at 40 °C for 3
days.  Finally,  PVC  films  were  obtained  and  subject  to  further
measurements.

Characterizations
1H-NMR  and 13C-NMR  spectra  were  all  obtained  on  a  Bruker
600  MHz  NMR  spectrometer  (Bruker  Corporation,  Germany)
with TMS as internal standard. CDCl3 were used as solvent for all
the  samples  except  for  HTPEcarboxyl,  which  used  DMSO-d6 as
solvent due to its poor solubility in CDCl3. The molecular weight
and  polydispersity  for  polymers  were  all  obtained  on  a  PL-
GPC50  gel  permeation  chromatography  (GPC,  Agilent  Corpo-
ration,  USA).  THF  was  used  as  eluent  with  a  flow  rate  of  1
mL/min. All the measurements were carried out at 25 °C. MALDI-
TOF  mass  spectrum  of  HTPB  was  obtained  on  a  5800  MALDI-
TOF/TOF (AB SCIEX,  USA).  THF,  DCTB and AgTFA were used as
solvent,  matrix  and  cationization  agent,  respectively.  The  glass
transition  temperature  (Tg)  of  HTPB  was  determined  on  a
DSC7020 differential scanning calorimeter (DSC, Hitachi, Japan)
equipped  with  liquid  nitrogen  refrigeration. Tgs  of  HTPEester,
HTPEcarboxyl, HTPEbutane, PVC films and PCL-b-PEbutane-b-PCL were
determined on a DSC-25 DSC (TA Instruments, USA). In order to
remove  thermal  history,  all  the  samples  were  first  heated  to
100 °C and held for 10 min. Then, the temperature was cooled
down to −80 °C (−120 °C as for  HTPB) and held for another 10
min.  The  scans  were  performed  at  a  heating  rate  of  5  °C/min.
The  thermostabilities  of  HTPB,  HTPEester,  HTPEcarboxyl and
HTPEbutane were  all  evaluated  by  a  Discover  thermogravimetric
analyzer  (TGA,  TA  Instruments,  USA).  The  measurements  were
performed from 25 °C to 600 °C with a heating rate of 20 °C/min
under N2 atmosphere.

The  optical  transmittance  of  HTPEcarboxyl aqueous  solution
with different pH values were determined by a Cary60 UV-Vis

spectroscopy  (Agilent  Corporation,  USA)  at  an  emission
wavelength of 750 nm. The hydrodynamic diameter, diamet-
er  distribution  and  zeta  potentials  of  the  assemblies  formed
by  HTPEcarboxyl at  different  pH  values  were  measured  by  a
NS90 dynamic light scattering (DLS,  Malvern,  UK).  Before the
scans, each sample was stabilized at 25 °C for 3 min. The mor-
phology  of  assemblies  formed  by  HTPEcarboxyl at  pH=3.5  was
observed  by  a  Tecnai  G2  F20  transmission  electron  micro-
scope  (TEM,  FEI,  USA).  HTPEcarboxyl aqueous  solution  (10  μL,
0.5 mg/mL) was dropped onto a copper grids and dried in air
for further observation.

The  tensile  strength  as  well  as  elongation  at  break  of  PVC
films in the presence and free of plasticizer were tested on an
AI-7000-NGD universal testing machine (Goodtechwill Instru-
ments,  China)  using  dumbbell-shaped  specimen  with  a  stre-
tching  rate  of  50  mm/min.  The  solvent  resistance  properties
of  PVC  films  plasticized  with  HTPEester and  DOP  were  tested
according  to  ASTMD  1239-98.  PVC  films  in  25  mm  ×  25  mm
were immersed into two solvents with different polarities (al-
cohol  and  petroleum  ether)  and  soybean  oil,  respectively.
After kept at 25 °C for 48 h, the extracted films were wiped up,
washing  by  distilled  water,  and  dried  at  30  °C  for  24  h.  The
solvent resistance properties were evaluated according to the
weight loss before and after immersion. EDS of PVC films be-
fore and after immersion into petroleum ether were recorded
on  a  SU8100  scanning  electron  microscope  (SEM,  Hitachi,
Japan).

RESULTS AND DISCUSSION

This  work  aims  to  provide  a  facile  strategy  for  the  synthesis  of
polyethylene  derivatives  simultaneously  bearing  terminal
hydroxyl  and  various  functional  side  groups.  Also,  the
relationships  between  the  type  of  side  groups  and  resultant
polymer properties have been explored to further expand their
potential  applications.  The  synthetic  route  proposed  in  this
work involves two main steps, as illustrated in Scheme 1. Firstly,
HTPB  with  only  1,4-butadiene  units  was  synthesized  through
ROMP. Afterwards, HTPB was used as a precursor, carboxyl, alkyl
as  well  as  ester  functional  side  groups  were  respectively
introduced via blue  light  photocatalytic  thiol-ene  reaction.
Notably,  although  anionic  polymerization  has  been  demon-
strated to be an inexpensive method for the synthesis of HTPB,
herein,  ROMP  was  employed  based  on  the  following
considerations.  Firstly,  anionic  polymerization  inevitably  yields
1,2-addition  units,  which  exhibits  significantly  higher  thiol-ene
reactivity than the 1,4-addition units. One purpose of this work
was  to  assess  whether  visible  light  photocatalytic  thiol-ene
reaction is a facile and versatile platform for the modification of
HTPB.  Therefore,  HTPB  obtained  by  ROMP  and  with  only  1,4-
addition  units  needs  to  be  investigated.  Secondly,  synthesis  of
HTPB via anionic  polymerization  generally  requires  multi-step
reactions and harsh conditions.

Synthesis and Characterization of HTPB
ROMP of COD was conducted at varied feed ratios of monomer
to  CTA.  The  detailed  polymerization  conditions  and  structural
parameters  of  resultant  HTPB  are  summarized  in Table  1. 1H-
NMR spectra of obtained HTPB are depicted in Fig. 1, where all
the  chemical  shifts  can  be  assigned  accordingly.  Additionally,
the molecular weight of HTPB can be calculated as per the ratio
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of integral area at δ=4.1–4.2 ppm (methylene protons linked to
hydroxy  end  groups)  and δ=5.42–5.47  ppm  (unsaturated
protons in butadiene units), and the results are listed in Table 1.
With  the  increasing  feed  ratio  of  COD  to  CTA,  the  molecular
weight  of  HTPB  increased  accordingly.  GPC  measurements
presented in Fig. S1 (in the electronic supplementary information,
ESI)  and Table  1 are  in  reasonably  good  agreement  with  the
analysis  of 1H-NMR.  MALDI-TOF  mass  spectrometry  shown  in
Fig.  S3  (in  ESI)  further  verified  that  the  end-groups  of  the
obtained  polymer  were  hydroxyl  groups.  Therefore,  all  the
above analyses confirmed that HTPB with well-defined structure
was successfully obtained. Meanwhile, the molecular weight of
HTPB can be tailored by changing the feed ratio of COD to CTA.
These  promising  results  can  primarily  be  attributed  to  the
controllability of ROMP technology.

Synthesis and Characterization of HTPE Bearing
Various Functional Side Groups
Three  kinds  of  PE  analogous  products  simultaneously  bearing

hydroxyl  terminated  and  functional  side  groups  (carboxyl,

butane  and  ester  groups)  were  synthesized  by  blue  light
photocatalytic  thiol-ene  reaction,  which  is  recognized  as  an
efficient  and  environment-friendly  technology.  Synthesis  of
HTPEester was  used  as  an  example  to  optimize  the  reaction
conditions and provide more insights into the reaction process.
The  reaction  was  performed  with  the  irradiation  of  blue  light
and bubbling with  air. 1H-NMR was  used to  track  the  reaction,
and the results are illustrated in Fig. 1. It reveals that as reaction
progressed,  the  proton  peaks  attributed  to  double  bonds
(δ=5.42–5.47  ppm)  weakened  gradually  and  disappeared

Table 1    ROMP conditions and structural parameters of resultant HTPBs.

Entry
[COD]/
[CTA]

Yield
(%)

Mn,NMR a

(g/mol)
Mn,GPC b

(g/mol)
PDI b Cis c (%)

1 15 52 2900 3900 2.3 74.67
2 23 61 3400 5200 1.9 75.63
3 45 42 5200 5700 3.2 75.99

a Calculated  according  to  the  ratio  of  integral  area  at δ=4.1−4.2  to δ=
5.42–5.47 in 1H-NMR shown in Fig. S2 (in ESI); b Determined by GPC with
THF  as  the  eluent; c The  content  of cis 1,4-butadiene  unit  in  HTPB
backbone was calculated according to the ratio of integral area at δ=5.42
to δ=5.47 in 1H-NMR.
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Scheme 1    Synthetic route to HTPB and its functionalized products.
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Fig.  1    1H-NMR  spectra  of  ester  group  functionalized  products
obtained reacting for (A) 75 min, (B) 50 min, (C) 25 min and (D) HTPB
precursor.
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thoroughly when the reaction was conducted for 75 min. The
disappearance  of  proton  peaks  at δ=5.42–5.47  ppm  implies
the  complete  modification  of  double  bonds.  The  exhaust  of
double bonds can also be evidenced by the 13C-NMR spectra
displayed  in  Fig.  S4(d)  (in  ESI),  where  the  chemical  shift  for
double  bond  carbon  located  at δ=130  ppm  disappeared
completely.  When  the  double  bonds  in  HTPB  were  consumed
completely,  the  obtained  polymer  was  regarded  as  hydroxyl-
terminated PE bearing ester side groups.

To further optimize the reaction conditions, post-function-
alization  reactions  were  also  performed  under  N2 atmo-
sphere with the irradiation of  blue light  and under  air  atmo-
sphere with irradiation of natural light. The degree of modific-
ation can be calculated according to the ratio of integral area
at δ=5.42–5.47 ppm (attributed to the double bond protons) to
δ=2.6  ppm  (attributed  to  the  protons  adjacent  to  S  groups),
and the results are depicted in Fig. 2, Figs. S5 and S6 (in ESI). It
is  apparent  that  the reaction exhibited the highest  reactivity
when  conducted  with  blue  light  radiation  and  under  atmo-
sphere.  When  in  an  oxygen  free  system,  the  reactivity  de-
clined.  Distinct  from traditional  thermal  or  UV light  initiation
which generally requires an oxygen free system, the thiol-ene
functionalization reaction initiated by blue light  was acceler-
ated  in  the  presence  of  oxygen.  One  of  the  reasonable  ex-
planation  is  that  oxygen  has  positive  contribution  towards
the regeneration of photocatalyst,  just as the reaction mech-
anism described in Tyson and Boyer’s work.[23,31] Additionally,
Fig. 2 implies that the functionalization reaction exhibited the
lowest  reactivity  when  exposed  to  natural  light.  Therefore,
both blue light and oxygen play important roles in the post-
functionalization process. The reactivity of isomers in the HT-
PB  backbone  such  as cis 1,4-butadiene  units  and trans 1,4-
butadiene units were compared, as shown in Figs. S7 and S8
(in ESI), suggesting that despite the fact that the content of cis
1,4-butadiene  units  is  higher  than  that  of trans isomers,  the
former  exhibited  higher  reactivity,  and  was  consumed  faster
as  compared to the latter.  Similar  trend was also reported in
other studies that employed heat as the initiate sources.[32]

HTPEcarboxyl and  HTPEbutane were  synthesized  according
to  the  optimized  conditions  in  synthesizing  HTPEester.  To  en-
sure  all  the  double  bonds  were  modified,  the  reaction  time

were  prolonged  to  10  h. 1H-NMR  spectra  of  HTPEcarboxyl and
HTPEbutane are  presented  in Fig.  3,  wherein  the  double  bond
protons  locating  at δ=5.42–5.47  and  methylene  protons  at
δ=2.13 completely disappeared. Also, the carboxyl protons at
δ=12.23  and  alkyl  protons  at δ=1.54,  1.41,  0.92  could  be
clearly detected. 13C-NMR spectra displayed in Fig. S4 (in ESI)
also  confirmed the complete  consumption of  double  bonds.
The  GPC  results  for  the  three  functionalized  products  are
summarized in Table S1 (in ESI) . Mn of the three samples was
relatively  close  to  theoretical  values.  Therefore,  above  ana-
lyses  verifies  that  HTPEcarboxyl and  HTPEbutane were  success-
fully obtained. In conclusion, combination of ROMP and blue
light initiated thiol-ene reaction can be considered as a novel
strategy for the facile and effective synthesis of PE with simul-
taneous  hydroxyl  terminated  and  functional  side  groups.  In
the following sections,  the relationships between side group
types and properties of these functionalized products are elu-
cidated,  and  their  promising  applications  are  further  ex-
plored.

Thermal Properties of HTPB and Functional PEs
Thermal  properties  of  HTPB,  HTPEcarboxyl,  HTPEbutane and
HTPEester were  comparatively  investigated  by  DSC  and  TGA,  as
shown  in Fig.  4. Fig.  4(a) indicates  that  the Tg of  HTPB
synthesized  herein  is  −103.6  °C,  which  is  obviously  lower  than
those  reported  in  previous  work.[33] The  reason  behind  this
phenomenon is that HTPB obtained herein possesses higher cis
1,4-butadiene  unit  content  than  those  in  previous  work.[34,35]

After  post-functionalization,  the Tgs  for  all  the  samples  were
increased  due  to  the  enhancement  of  interactions  between
polymer  segments.  For  instance,  when  carboxyl  side  groups
were  incorporated,  the  intense  hydrogen  bonds  restricted  the
movement  of  the  segments  and Tg was  accordingly
increased.[36] The Tgs  for  all  the  samples  were  in  the  order  of
HTPB<HTPEbutane<HTPEester<HTPEcarboxyl. Fig.  4(b) suggests  that
after post-functionalization, the thermostabilities were declined.
One  of  the  probable  explanations  is  that  double  bonds  in  the
HTPB  backbone  with  higher  bond  energy  were  completely
converted to single bonds.
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Fig. 2    The variation of modification degree under different reaction
conditions.
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Fig. 3    1H-NMR spectra of (A) HTPB, (B) HTPEcarboxyl and (C) HTPEbutane.
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pH-Triggered Self-assembly Behavior of HTPEcarboxyl

HTPEcarboxyl has abundance of  hydrophilic  carboxyl  side groups
and  can  be  ionized  based  on  the  ambient  pH.[37] Therefore,

herein,  the  influence  of  pH  on  the  properties  of  HTPEcarboxyl

aqueous  solution  was  systematically  investigated,  as  shown  in

Fig.  5. Fig.  5(a) indicates  that  with  decreasing  pH  the
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Fig. 4    (a) DSC and (b) TGA curves of HTPB and its post-functionalized products.

 
Fig.  5    (a)  Transmittance  of  HTPEcarboxyl aqueous  solution,  (b)  DLS  traces  of  assemblies  formed  by  HTPEcarboxyl at
different  pH  values,  (c)  zeta  potentials  of  assemblies  at  different  pH  values,  (d)  TEM  image  of  assemblies  formed  by
HTPEcarboxyl at pH 3.5.
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transmittance of HTPEcarboxyl aqueous solution remained almost
unchanged initially  and decreased sharply  when pH value was
lowered  to  4.8  and  3.5.  The  solution  turned  from  completely
transparent  to  faint  blue,  implying  that  nano-size  aggregates
were probably formed. DLS traces depicted in Fig.  5(b) verified
this  inference,  wherein  aggregates  with  sizes  of  129  nm
(pH=4.8)  and 121 nm (pH=3.5)  could be clearly  detected.  As  is
well-known,  carboxyl  groups  can  be  dramatically  ionized  and
transformed to be more hydrophilic in an alkaline environment.
Therefore,  in  an  alkaline  environment,  HTPEcarboxyl existed  as
water-soluble  unimer  due  to  the  high  hydrophilicity  of  side
groups.  When pH was lowered to 4.8 (or  3.5),  the ionization of
carboxyl  groups  was  restricted  to  an  appropriate  extent.[38] In
this  case,  HTPEcarboxyl can  be  considered  as  an  amphiphilic
homopolymer  composed  of  hydrophobic  backbone  and
hydrophilic  side  groups,  and  assemblies  in  nanoscale  were
formed  accordingly.  This  speculation  was  further  confirmed
using zeta potential measurements. As shown in Fig. 5(c), when
the  pH  increased  from  3.5  to  11.9,  the  zeta  potential  became
more  negative  due  to  the  enhancement  of  ionization.  The
morphology  of  assemblies  was  observed  by  TEM,  as  shown  in
Fig.  5(d).  TEM  images  revealed  that  HTPEcarboxyl formed  well-
defined solid spherical micelles at pH 3.5. Therefore, HTPEcarboxyl

possesses potential for use as a smart material with pH-sensitive
properties.

Synthesis of Triblock Copolymer Using HTPEbutane as
Macro-initiator
HTPEbutane synthesized  herein  possesses  two  reactive  hydroxyl
end groups. Therefore, it can be inferred that HTPEbutane can be
used  as  a  polymeric  precursor  for  building  the  novel  block

copolymers. HTPEbutane was proposed using as a macro-initiator
to  initiate  the  ring  opening  polymerization  (ROP)  of ε-
caprolactone. 1H-NMR  and 13C-NMR  spectra  of  the  resultant
triblock copolymer are presented in Fig. 6(A) and Fig. S9 (in ESI),
respectively,  which  reveal  that  the  chemical  shifts  of  protons
and carbons in PCL segments could be clearly detected. Fig. 6(B)
displays  the  DSC  curve  of  PCL-b-PEbutane-b-PCL,  wherein  two
endothermic peaks at  −64.7 and 55.8 °C were due to the glass
transition  of  PEbutane segments  and  the  melting  of  PCL
segments,  respectively. Fig.  6(C) exhibits  the  GPC  traces  of
PEbutane and PCL-b-PEbutane-b-PCL. In Fig. 6(C), the advancement
of  elution  time  for  PCL-b-PEbutane-b-PCL  implies  the  rise  in
molecular weight. The molecular weights of PEbutane and PCL-b-
PEbutane-b-PCL  were  determined  to  be Mn,GPC=7600  g/mol  and
Mn,GPC=11400  g/mol,  respectively.  Consequently,  all  the  above
analyses  confirmed  that  PCL-b-PEbutane-b-PCL  was  successfully
obtained  and  PEbutane can  be  served  as  a  macro-initiator  for
building the block copolymers.

Performance of PVC Film Plasticized by HTPEester
In  recent  years,  polyester  plasticizers  have  received  growing
attention  as  a  result  of  their  hypotoxicity  and  low
migration.[39,40] HTPEester synthesized in this work was composed
of  flexible  PE  backbone  and  abundance  of  ester  side  groups.
Fig.  4(a) shows  that Tg of  HTPEester is  −47.8  °C.  Therefore,
HTPEester is a promising candidate for use as a plasticizer. As per
Fig.  7(a),  the Tg of  PVC  plasticized  with  HTPEester was  −7.3  °C,
which  is  dramatically  lower  than  that  of  neat  PVC  reported  in
previous  work.[41] Two  factors  may  have  contributed  towards
this result. Firstly, HTPEester possesses relatively low Tg and good
flexibility, which are beneficial for the lubrication PVC segments
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Fig. 6    (A) 1H-NMR spectrum, (B) DSC curve and (C) GPC trace of PCL-b-PEbutane-b-PCL.
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and  further  accelerating  the  movement  of  PVC  segments.
Secondly, the insertion of HTPEester molecules between the PVC
segments  weakened  the  interaction  between  PVC  molecules
and enlarged the free volume. Mechanical properties illustrated
in Fig. 7(b) reveal that the toughness of PVC film was significan-
tly  enhanced  after  plasticized  by  HTPEester,  while  the  tensile
strength  displayed  negligible  decrease.  Additionally, Fig.  7(b)
suggests that PVC film plasticized with HTPEester exhibited better
ductility  as  compared to that  with DOP.  The solvent  resistance
properties of PVC films plasticized with HTPEester and DOP were
compared, as shown in Fig. 7(d). As we expect, Fig. 7(d) indicates
that HTPEester exhibited higher extraction resistance, irrespective
of the use of polar ethanol or nonpolar petroleum ether. EDS, as
a surface sensitive technique, was also employed to quantify the
surface  elements  of  PVC films  before  and after  immersion into
petroleum ether, and the results are presented in Figs. S10 and
S11 and Table S2 (in ESI),  which revealed that the content of O
element was clearly decreased after immersion when DOP was
used  as  a  plasticizer,  whereas  it  remained  almost  unchanged
when  HTPEester was  used  as  a  plasticizer.  The  decrease  in  O
element  can  be  attributed  to  the  extraction  of  plasticizer  from
PVC  film  surface  to  solvent.  Therefore,  EDS  tests  further  verify
the  results  presented  in Fig.  7(d).  One  of  the  reasonable

explanations  for  low  migration  of  HTPEester is  the  intense
interaction  and  entanglement  between  the  HTPEester and PVC
macromolecules, which restricted the migration of HTPEester. All
the above measurements  suggest  that  HTPEester can serve as  a
powerful plasticizer for PVC.

CONCLUSIONS

Herein,  the  strategy  involving  ROMP  and  visible  light  photo-
catalytic  thiol-ene  reaction  has  been  confirmed  to  be  a  facile
pathway  for  the  synthesis  of  PE  simultaneously  bearing
hydroxyl terminated and functional side groups. Three kinds of
hydroxyl terminated PE bearing carboxyl, ester and butane side
groups, respectively, were successfully obtained and labeled as
HTPEester,  HTPEcarboxyl and  HTPEbutane.  The  structure-property
relationships of functional PEs were also elucidated. The Tgs for
all  samples  were  in  the  order  of  HTPB<HTPEbutane<HTPEester<
HTPEcarboxyl.  With  the  increase  in  side  group  polarity,  the Tg

increased due to the enhancement of interactions between side
groups.  Moreover,  the  thermostability  of  functional  PEs
decreased  as  compared  to  that  of  HTPB  precursor,  which  is
resulted  from  that  double  bonds  with  high  bond  energy  were
completely  converted  to  single  bonds.  The  promising
applications  for  functional  PEs  were  explored.  HTPEcarboxyl can
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Fig. 7    (a) DSC curves of PVC films, (b) tensile strength and elongation at break of PVC films, (c)  digital  image of
stretched PVC film plasticized by HTPEester, (d) weight loss of PVC films in extractability tests.
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be  used  as  a  pH-responsive  material,  as  the  ionization  of
carboxyl  side  groups  can  be  controlled  by  the  ambient  pH.
HTPEbutane can  serve  as  a  macro-initiator  for  building  the  trib-
lock  copolymer  due  to  the  presence  of  active  hydroxyl  end
groups.  HTPEester can be used as a powerful  plasticizer for PVC,
which  enhanced  the  ductility  of  PVC  without  obviously
sacrificing strength.

 Electronic Supplementary Information
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