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Abstract   As a naturally occurring terpenoid that is abundant in essential oils, citronellal remains largely unexplored in polymer science. Herein,

we present a novel strategy for converting bio-based citronellal into the diene monomer 6,10-dimethyl-1,3,9-undecatriene (DMUT), which under-

goes neodymium-catalyzed coordination polymerization to yield poly(6,10-dimethyl-1,3,9-undecatriene) (PDMUT), a bio-derived polydiene poly-

mer. This provides a facile and sustainable route for transforming renewable citronellal into functional polymers. The effects of polymerization

conditions on the catalytic performance and polymer characteristics, including molecular weight, polydispersity, and microstructure, were sys-

tematically investigated. In addition, DMUT was successfully copolymerized with isoprene (IP) and 1,3-butadiene (BD), yielding copolymers with

tunable compositions and microstructures. These results demonstrate the versatility of DMUT as a renewable building block for both homopoly-

mers and copolymers, paving the way toward bio-based elastomeric materials with customizable properties.
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INTRODUCTION

The modern chemical industry relies heavily on the utilization of
fossil resources, with petroleum playing a pivotal role owing to
its  extensive  application  in  transportation  fuels,  combustible
oils,  and  as  a  raw  material  for  a  myriad  of  chemical  products.
However,  in  recent  years,  growing evidence has  indicated that
the extensive use of petroleum derivatives is a primary driver of
the  escalating  levels  of  CO2 and  other  atmospheric  pollutants,
which in turn exacerbates the greenhouse effect. Therefore, the
quest  for  biodegradable,  bio-derived,  and  sustainable  alterna-
tives has emerged as a critical area of research in both academia
and industry, with the goal of reducing or at least curtailing re-
liance on fossil resources.[1−4]

Among the diverse compounds derived from biomass, ter-
pene  and  terpenoid  compounds,  which  are  abundant  in
plants and insects,  have recently gained increasing attention
over recent decades.[5,6] Beyond their essential roles in flavor-
ing,  fragrance,  cosmetics,  pharmaceuticals,  and  insect  repel-
lents,  these  compounds  have  emerged  as  vital  building

blocks  for  the  synthesis  of  polymer  materials,  including
polyketones,  polyesters,  polyamides,  and  polydienes, etc.,
showcasing  their  versatility  and  potential  in  the  develop-
ment of sustainable materials.[7−11] In the realm of polydiene,
various  terpene  monomers,  like β-myrcene,[12−22] β-
ocimene,[23−27] β-farnesene,[28−33] 4,8-dimethyl-1,3,7-nona-
triene,[34] alloocimene,[35−38] etc.,  have  been  polymerized  by
anionic,  radical,  coordination  polymerization  strategies,  to
give  polyterpene  elastomers  to  substitute  petroleum-based
polybutadiene or polyisoprene synthetic rubbers (Scheme 1).
Citronellal  is  a  naturally  occurring terpenoid  that  is  primarily
found in the essential oils of various plants, such as citronellal
(Cymbopogon nardus)  and lemon grass  (Cymbopogon citra-
tus).[39,40] Besides,  Citronellal  can  also  be  prepared via selec-
tive  hydrogenation  from  another  important  biomass,  citral,
whose global capacity is up to 63,000 metric tons annually.[41]

Citronellal is widely known for its distinct lemon-like odor and
has a range of industrial, pharmaceutical, and cosmetic appli-
cations,  including flavoring agents,  fragrances,  and insect re-
pellents, etc.  However,  their  application in polymer materials
remains largely underexplored. Typically present as a racemic
mixture  of  the  two  isomers,  (+/‒)-3,7-dimethyloct-6-enal,
which  features  a  monoterpenoid  aldehydic  component  that
can easily react and transform into other functionalities. Here-
in,  by  using  the  Wittig  reaction,  the  aldehyde  functionality
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was  converted  into  a  conjugated  diene  structure,  6,10-
dimethyl-1,3,9-undecatriene  (DMUT)  (Scheme  1),  which  was
subsequently  polymerized  by  a  neodymium  (Nd)-based
Ziegler-Natta catalyst,  a system that exhibits high activity to-
ward  substituted  diene  monomers.[42−48] The  influence  of
polymerization  conditions  on  the  properties  of  the  obtained
poly(6,10-dimethyl-1,3,9-undecatriene)  (PDMUT)  products,  as
well  as  a  detailed  structural  analysis  of  PDMUT,  were  carried
out.  Moreover,  to  further  assess  the  structural  versatility  and
potential application scope of DMUT, we extended our inves-
tigation  to  its  copolymerization  with  the  conventional  diene
monomers isoprene (IP) and 1,3-butadiene (BD). The success-
ful incorporation of DMUT into the IP/BD backbones enabled
the  preparation  of  bio-based  copolymers  with  adjustable
compositions,  offering  new  opportunities  for  the  develop-
ment of sustainable elastomeric materials.  To the best of our
knowledge, this is  the first report detailing the conversion of
citronellal to homo- and copolymeric polydiene materials.

EXPERIMENTAL

Materials
Citronellall  and  allyltriphenylphosphonium  bromide  were  pur-
chased from HEOWNS (Tokyo, Japan). Potassium t-butoxide was
provided  by  Energy  Chemical  and  was  used  as  received.  THF
was  obtained  from  Fuyu  Chemical  and  distilled  with  CaH2 be-
fore use. Neodymium neodecanoate (NdV) was purchased from
Energy Chemical and diluted to 0.3 mol/L by hexane before use.
Diisobutylaluminum  hydride  (DIBAH,  Al(i-Bu)2H)  was  the  com-
mercial product of Akzo Nobel and diluted with hexane to a 2.0
mol/L  solution  before  use.  Dichlorodimethylsilane  (Me2SiCl2)
and other chloride donors were obtained from Alfa and diluted
with toluene solution to 1.0 mol/L.

Analytical Method
The  number-average  molecular  weight  (Mn)  and  molecular
weight  distribution  (Mw/Mn)  of  polymers  were  measured  at  40
°C using gel permeation chromatography (GPC) equipped with

a Waters 515 HPLC pump, four columns (HMW 7 THF, HMW 6E
THF×2, HMW 2 THF), and a Waters 2414 refractive index detec-
tor.  Tetrahydrofuran (THF)  was used as  eluent  at  a  flow rate  of
1.0  mL/min.  Sample  solutions  were  filtered  through  a  0.45 μm
microfilter  before  injection.  The  values  of Mn and Mw/Mn were
calculated  using  polystyrene  (PS)  calibration.  The  column  was
calibrated  with  monodisperse  polystyrene  (PS)  standards  hav-
ing  the  Mark-Houwink  constants K=1.05×10–4, α=0.731  for  PS,
K=2.46×10–4, α=0.732  for  polybutadiene,  and K=4.51×10–4,
α=0.66  for  polyisoprene.  NMR  spectra  of  the  samples  were
recorded on a BRUKER AVANCE NEO 400 MHz spectrometer us-
ing  CDCl3 as  the  solvent  at  ambient  temperature  and  tetram-
ethylsilane (TMS) as an internal standard. MALDI-TOF MS analy-
sis was conducted on a Bruker Microflex LRF mass spectrometer
using  2-[(2E)-3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]
malononitrile (DCTB) as the matrix and silver trifluoroacetate as
the  dopant.  The  polymer  samples  were  subjected  to  thermal
analysis  to  assess  their  degradation  characteristics  before  and
after hydrogenation. Thermogravimetric analysis (TGA) was per-
formed using a Discovery TG209F1-LIBRA TGA instrument (NET-
ZSCH). Samples weighing between 5 and 10 mg were placed in
platinum pans and analyzed from 20 °C to 800 °C under a nitro-
gen  flow  at  a  heating  rate  of  10  °C/min.  Differential  scanning
calorimetry (DSC) was performed using a DSC204F1 instrument.
The polymer samples were first cooled from room temperature
to ‒80 °C to eliminate any thermal history, then heated to 20 °C.
This  process  was  repeated  to  determine  the  glass  transition
temperature  (Tg)  accurately.  A  heating  rate  of  10  °C/min  was
used for both cycles.

Synthesis of 6,10-Dimethylundeca-1,3,9-triene
(DMUT)
To a 200 mL oven dried Schlenk flask was added 14.9 g of allylt-
riphenylphosphonium bromide (1.2 equiv.,  38.9 mmol)  and 4.4
g  of  potassium t-butoxide  (1.2  equiv.,  38.9  mmol),  afterwards,
100 mL of THF was added and the flask were filled with N2. The
obtained suspension was cooled to 0 °C and left to be stirred for
15 min.  The reaction mixture was then added dropwise to  5  g
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Scheme 1    Representative examples of terpene molecules (top); synthetic procedure of converting terpenioid of Citronellal into polymerizable
DMUT (bottom).
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Citronellal (1.0 equiv., 32.4 mmol) in 15mL of THF. After the reac-
tion continued at 0 °C for 1 h, the mixture was slowly warmed to
room temperature and stirred for  16 h.  A saturated solution of
NH4Cl  (20mL)  was  added.  To  quench  the  reaction,  the  com-
bined  organic  phases  were  washed  with  brine  and  dried  over
MgSO4 and the  solvent  was  removed under  reduced pressure.
The target product was obtained by silica gel chromatograph to
give the target product. Yield: 3.25 g, 56%. Z:E = 53:47. For Z iso-
mer: 1H-NMR (400MHz, CDCl3, δ): 6.64 (m, 1H), 6.04 (m, 1H), 5.47
(m, 1H), 5.20 (d, 1H), 5.13 (m, 2H), 1.97 (m, 4H), 1.68 (s, 3H), 1.60
(s, 3H), 1.51 (m, 1H), 1.36 (m, 1H), 1.16 (m, 1H), 0.89 (dd, 3H). 13C-
NMR (400MHz, CDCl3, δ): 131.43; 131.22; 129.97; 129.07; 123.80,
115.66; 35.75; 33.89; 32.11; 24.68; 18.45; 16.58; For E isomer: 1H-
NMR (400MHz, CDCl3, δ): 6.31 (m, 1H), 6.04 (m, 1H), 5.68 (m, 1H),
4.96 (d, 1H), 5.13 (m, 2H), 2.17 (m, 1H), 1.97 (m, 1H), 1.68 (s, 3H),
1.60 (s, 3H), 1.51 (m, 1H), 1.36 (m, 1H), 1.16 (m, 1H), 0.89 (dd, 3H).
13C-NMR  (400MHz,  CDCl3, δ):  136.31;  132.83;  130.38;  129.97;
123.80; 113.53; 39.03; 33.89; 31.79; 24.68; 18.45; 16.58. EI-MS for
C13H22 (m/z): 201.16 (M + Na+).

General Procedure for 6,10-Dimethylundeca-1,3,9-
triene Polymerization
All  manipulations  were  conducted  in  a  dry  nitrogen  atmo-
sphere. A detailed description of the polymerization procedure
is provided below.

Catalyst  aging:  an ampoule was charged sequentially  with
Nd(vers)3,  DMUT,  Al(i-Bu)2H  (DIBAH)  in  a  designed  ratio,  and
the reaction mixture was left to age at 50 °C for 20 min, after
which  Me2SiCl2 was  added,  and  the  reaction  solution  was
continued  for  another  30  min,  which  eventually  gave  a  yel-
lowish-green solution as the final catalyst solution.

Polymerization  process:  into  an  oxygen  and  moisture-free
ampoule that is capped with a rubber septum was added 0.6
mL  of  DMUT  in  hexane,  and  the  aged  catalyst  solution  was
added. Then the Polymerization was carried out at 50 °C for 4
h.  To quench the polymerization,  2.0 mL of  acidified ethanol
containing  2,6-di-tert-butyl-4-methylphenol  (1  wt%)  as  a  sta-
bilizer was added. The polymer was subsequently washed re-
peatedly with ethanol and then dried under vacuum at 50 °C
until it reached a constant weight. The polymer yield was de-
termined using gravimetry.

The  DMUT/IP  and  DMUT/BD  copolymerization  processes
follow the above procedures.

Hydrogenation of PDMUT
PDMUT  (0.2  g,  4.4  mmol  (C＝C))  and p-toluenesulfonylhy-
drazide  (1.5  equiv.,  6.6  mmol)  were  added  to  a  dried  three-
necked flask.  Then,  10 ml xylene was added.  The reaction mix-
ture was first purged with nitrogen for 10 minutes, and then re-
fluxed  at  140  °C  for  7  h,  during  which  the  reaction  mixture
changed from a white suspension to a pale yellow transparent
solution. After the reaction, the solution was poured into excess
ethanol  to  precipitate  the  hydrogenated  product.  The  solid
product was filtered, washed several times with ethanol, and fi-
nally  dried  under  vacuum  at  40  °C  to  a  constant  weight.  The
product yield was > 80%.

RESULTS AND DISCUSSION

Synthesis and Characterization of DMUT
Wittig  reaction  is  a  well-established  method  for  transforming

carbonyl  compounds  into  alkenes.  Reacting  Citronellal  with
phosphorus  ylide,  which  was  prepared in  situ between  allylt-
riphenylphosphonium  bromide  and  potassium  t-butoxide  (t-
BuOK)  in  tetrahydrofuran  (THF),  could  easily  convert  aldehyde
into a diene functionality to afford 6,10-dimethyl-1,3,9-undeca-
triene (DMUT) in 56% yield. The chemical structure and purity of
DMUT  were  confirmed  by 1H, 13C,  and  H-H  COSY  NMR  spec-
troscopy (Fig. 1). As shown in Fig. 1(A), DMUT exists as a mixture
of E- and Z-isomers with an approximate E/Z ratio of 47:53. For E-
DMUT isomer, the olefinic protons are observed at δ = 6.31 (H2),
6.07 (H3), 5.70 (H4), 5.08 (H10 and H1b), 4.96 (H1a) respectively
(13C: 113.58 (Ca), 132.76 (Cb), 130.46 (Cc), 136.38 (Cd), 123.79 (Cj),
130.05 (Ck)), and clear correlations between H4 and H3, H3 and
H2,  H2  and  H1b,  H2  and  H1a  were  identified  in  the  H-H  COSY
spectrum.[49] For Z- isomer, the olefinic protons are observed at
δ =  6.63  (H2’),  6.05  (H3’),  5.45  (H4’),  5.09  (H10’ and  H1b’),  5.05
(H1a’)  respectively  (13C:  115.54  (Ca’),  131.16  (Cb’),  129.01  (Cc’),
131.42  (Cd’),  123.79  (Cj’),  130.05  (Ck’)),  and  similar  correlations
between H4’ and H3’,  H3’ and H2’,  H2’ and H1b’,  H2’ and H1a’
were also clearly  observed.[50] These results  confirmed the suc-
cessful synthesis of DMUT and the coexistence of the two geo-
metric isomers.

Nd-mediated Coordination Polymerization
Performances of DMUT
In this study, a typical ternary Nd-based catalytic system consist-
ing  of  neodymium  versatate/diisobutyl  aluminum  hydride/
Me2SiCl2 (NdV/DIBAH/Me2SiCl2)  was  utilized  to  catalyze  DMUT
polymerization.  The  investigation  commenced  by  evaluating
the influence of the [DIBAH]/[Nd] molar ratio on the overall per-
formance.  As  shown  in Table  1,  DMUT  was  successfully  poly-
merized  by  the  NdV/DIBAH/Me2SiCl2 system  under  the  condi-
tions of [DIBAH]/[Nd] = 10–50. Increasing the [DIBAH]/[Nd] ratio
from 10 to 50 had minimal effect on the overall catalytic activity,
giving poly(6,10-dimethyl-1,3,9-undecatriene) (PDMUT) in mod-
erate yields with smaller changes ranging from 48.8% to 56.3%.
Nevertheless, the molecular weights and polydispersities of the
obtained PMDUTs were highly sensitive to the [DIBAH]/[Nd] ra-
tios.  As  the  [DIBAH]/[Nd]  ratio  increased  from  10  to  50,  the
molecular weights gradually decreased from 4.26×103 g/mol to
1.76×103 g/mol, and the polydispersities narrowed from 1.84 to
1.24.  This  trend  was  likely  attributed  to  facilitated  reversible
chain transfer reactions, a phenomenon commonly observed in
the Nd-mediated polymerization of 1,3-butadiene and isoprene
monomers.[51,52] Fig. 2(a) illustrates the GPC profiles for PDMUTs
obtained from Table 1;  at low [DIBAH]/[Nd] ratios,  bimodal dis-
tributions  were  first  observed,  suggesting  incomplete  activa-
tion  of  the  NdV  precatalyst  under  such  low  DIBAH  amounts,
which  was  presumed  to  generate  ill-defined  multi-site  active
species.  By  gradually  increasing  the  [DIBAH]/[Nd]  ratio,  NdV
could be fully activated, which could lead to unimodal distribut-
ed products.

Additionally,  the  effect  of  chloride  donors,  another  critical
component  of  the ternary  Nd-based catalytic  system,  on the
overall  catalytic  performance  was  evaluated.  As  summarized
in Table S1 (in the electronic supplementary information, ESI),
varying  the  chloride  donors―Me2SiCl2,  CHCl3,  AlEt2Cl,  and
Al2Et3Cl3―had  minimal  impact  on  the  activities,  giving
PDMUT  in  yields  of  52.2%–58.4%.  Nevertheless,  they  signifi-
cantly  influenced the molecular  weights and polydispersities
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of the PDMUTs, as shown in Fig. 2(b), with CHCl3 and Me2SiCl2
giving  the  smallest  and  highest  molecular  weights  of
1.02×103 and 1.78×103 g/mol, respectively.

By varying the [DMUT]/[Nd] ratio, the molecular weights of
PDMUT  could  be  tuned  over  a  broader  range  (Fig.  2c).  As

shown in Table 2,  increasing the [DMUT]/[Nd] ratio from 200
to  2000  led  to  a  monotonic  increase  in  molecular  weight,
ranging  from  1.49×103 g/mol  to  4.24×103 g/mol.  Further  in-
crease  in  the  molecular  weight  of  PDMUT  is  fundamentally
constrained  by  the  steric  hindrance  inherent  to  the  DMUT
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Fig. 1    (A) 1H-NMR, (B) H-H COSY-NMR, (C) 13C-NMR and DEPT 135 spectra of DMUT.

 

Table 1    Nd-promoted DMUT polymerization under different [DIBAH]/[Nd] ratios.
 

Run [DIBAH]/[Nd]
(mol/mol) Yield (%) Mn

 a (×103) Mw a (×103) PDI a
Microstructure b (%)

1,4- 1,2-

1 10 48.8 4.26 7.82 1.84 17.95 82.05
2 20 51.9 2.87 4.66 1.67 24.67 75.33
3 25 54.2 2.30 3.79 1.65 25.77 74.23
4 30 52.6 2.02 2.87 1.42 26.88 73.12
5 40 53.2 1.78 2.39 1.34 27.47 72.53
6 50 56.3 1.76 2.19 1.24 28.08 71.92

Polymerization  conditions:  [DMUT]=1.85  mol/L,  in  hexane,  50  °C,  24  h.  [M]/[Nd]=500,  Cl/Nd=3.0  (Me2SiCl2). a Determined  by  GPC,  using  polystyrene  as
standard. b Determined by NMR.
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monomer, which restricts chain propagation at the Nd active
site. Additionally, it seems that the gradually broadened poly-
dispersities are accompanied by increased molecular weights.
This  phenomenon  was  likely  associated  with  the  increased
viscosity  of  the  system,  which  rendered  the  reversible  chain
transfer to DIBAH irreversible.

Structure of the Obtained PDMUT
Using  the  Nd-based  catalytic  system,  DMUT  undergoes  poly-
merization predominantly via 1,4- and 1,2- manners (Fig. 3a), as
revealed  by  the  FTIR  spectrum  of  PDMUT  (Fig.  3b),  in  which
bands at 738 and 968 cm–1, which indicate the cis-1,4-/1,2- and
trans-1,4-/1,2- structures, respectively, were clearly observed. No
3,4- units with a typical band at 911 cm–1 was detected. The rep-
resentative 1H-NMR spectrum of the resulting PDMUT is shown
in Fig. 3(c). The broad peak in the range of 5.15‒5.38 ppm were
attributed to the protons of H2 in the 1,4-inserted unit, as well as
the  protons  of  H4’ in  the  1,2-inserted  units;  the  peak  at
4.76‒5.15  ppm  corresponds  to  the  protons  of  H3/H3’ and
H9/H9’.  In  the  spectrum,  a  distinctive  peak  solely  observed  in
the 1,4-inserted unit was observed at 2.41 ppm, assigned to the
methine  proton  H4  adjacent  to  the  double  bond.  The  broad
peak  spanning  1.75‒2.20  ppm  was  assigned  to  the  allylic  pro-
tons, including H1, H8, H2’, H5’ and H8’. Terminal methyl proton
of PDMUT unit appear at 1.66 and 1.59 ppm respectively, corre-
sponding  to  H11/H11’ and  H10/H10’ respectively.  As  a  broad
peak,  protons  of  H12/H12’ were  observed  at  0.73‒0.94  ppm.
The  remaining  protons  were  observed  at  0.93‒1.49  ppm,  be-
cause  of  their  extensive  overlapping,  detailed  assignments
could  not  be  determined.  The position of  the  hydrogen in  the

polymer  was  also  confirmed  by  HH-COSY  NMR  spectroscopy
(Fig. 3d).

Based on the above assignments, the percentage of 1,4-in-
serted units (A) can be determined using the following equa-
tion:

A =
5 × I2.41

I1.75−2.20 + I2.41
(1)

where in I2.41 is the integral area of proton H4, and I1.75‒2.20 is the
integral  area  of  protons  H1,  H8,  H2’,  H5’ and  H8’ (for  detailed
steps of the equation derivation, please refer to page S(2) in the
ESI).

The microstructures of the obtained PDMUTs can be deter-
mined according to Eq. (1), and the results are summarized in
Tables 1−2. The data indicated that the microstructure of the
PDMUTs  was  strongly  influenced  by  the  [DIBAH]/[Nd]  and
[DMUT]/[Nd]  ratios.  Specifically,  a  higher  cocatalyst  concen-
tration resulted in products with higher 1,4-contents and cor-
respondingly lower 1,2-contents. For instance, increasing the
[DIBAH]/[Nd] ratio from 10 to 50 increased the 1,4-content of
the  PDMUTs  from  17.95%  to  28.08%,  while  the  1,2-content
decreased from 82.05% to 71.92%. Conversely, increasing the
[DMUT]/[Nd] ratio from 200 to 2000 (effectively reducing the
precatalyst  concentration)  produced  PDMUTs  with  progres-
sively lower 1,4-contents, decreasing from 29.53% to 24.84%,
while the 1,2-contents increased from 70.47% to 75.16%. De-
spite these variations, all PDMUT products predominantly ex-
hibited a 1,2-structure (70%–80%), in contrast to the high cis-
1,4-selectivity  typically  reported  for  Nd-based  catalytic  sys-
tems with other conjugated diene monomers, such as 1,3-bu-
tadiene, isoprene, and myrcene.[53] This deviation likely arises
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Fig.  2    (a)  GPC  curves  of  PDMUT  obtained  from  Table  1;  (b) Mn and  PDI  of  products  under  different  types  of  chlorides;  (c)  GPC  curves  of
polymerization obtained from Table 2.

 

Table 2    Nd-promoted DMUT polymerization under different [DMUT]/[Nd] ratios.
 

Run [DMUT]/[Nd]
(mol/mol) Yield (%) Mn a (×103) Mw

 a (×103) PDI
Microstructure b (%)

1,4- 1,2-

1 200 44.5 1.49 1.90 1.28 29.53 70.47
2 300 48.9 1.52 1.99 1.31 28.61 71.39
3 500 53.2 1.78 2.39 1.34 27.47 72.53
4 800 59.6 1.78 2.33 1.33 26.23 73.77
5 1000 80.5 3.51 7.49 2.13 25.03 74.97
6 2000 78.6 4.24 8.82 2.08 24.84 75.16

Polymerization  conditions:  [M]=1.85  mol/L,  in  hexane,  50  °C,  24  h.  [DIBAH]/[Nd]=40,  Cl/Nd=3.0  (Me2SiCl2). a Determined  by  GPC,  using  polystyrene  as
standard. b Determined by NMR.
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from  steric  hindrance  introduced  by  the  two  methyl-substi-
tuted side chains of the DMUT monomer, which disfavors the
1,4-insertion pathway and promotes 1,2-regioselectivity.

The 13C-NMR spectrum of PDMUT is shown in Fig. 4(A), with
signal assignments based on chemical shift values, DEPT 135,
and 1H-13C  2D  NMR  spectroscopy  (Figs.  4B and  4C).  In  the
olefinic  carbon  region,  signals  at  126.66‒129.48  ppm  are  as-
signed  to  carbons  Cb/Cd’,  which  correlate  with  protons  of
H2/H4’ (5.15‒5.38 ppm) in the HSQC spectrum. Carbon Cc/Cc’
appeared at 134.91‒137.52 ppm, which also shows clear cor-
relation with H3/H3’ at 4.76‒5.15 ppm in the HSQC spectrum.
Pendant  carbons  Cj/Cj’ and  Ck/Ck  were  identified  at
124.88‒125.63 ppm and 130.55‒131.35 ppm. The absence of
Ck/Ck’ signals  in  the  DEPT  135  spectrum  confirms  their  qua-
ternary  nature.  In  the  HSQC  spectrum,  carbon  Cj/Cj’ corre-
lates  with  protons  H9/H9’,  and  in  the  HMBC  spectrum,  both

carbons Cj/Cj’ and Ck/Ck’ clearly correlate with H11/H11’ and
H10/H10’, respectively. In the aliphatic carbon region, methyl
carbons Cm/Cm’ and Cl/Cl’ are easily identified at 17.80 ppm
and 25.92 ppm respectively, because they show obvious cor-
relation  with  H10/H10’ and  H11/H11’ in  the  HSQC  spectrum
and H9/H9’ in the HMBC spectrum. Another set of methyl car-
bons  Cg/Cg’ are  observed  in  the  range  of  18.77‒20.66  ppm,
and  their  correlation  with  H9/H9’ in  the  HSQC  spectrum  can
be also obviously observed. The remaining resonance assign-
ments  are  shown  in Fig.  4(A),  from  which  the  predominant
1,2-structure of PDMUT was confirmed. For instance, the reso-
nance peak at 40.25 ppm that was assigned to Ca’ in the 1,2-
structure,  exhibited  a  significantly  higher  intensity  than  the
peak of Ca (33.87‒34.95 ppm) in the 1,4-structure.

In addition to the polymer microstructure, the chain struc-
ture  of  the  polymer  was  characterized  using  matrix-assisted
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Fig. 3    (a) Polymerization of E-/Z- DMUT; (b) FTIR spectra of DMUT monomer and PDMUT from Table 2, entry 5; (c) 1H-NMR spectrum of PDMUT
obtained from Table 2, entry 5, (* denotes chemical shift of water); (d) COSY (400MHz, CDCl3) spectrum of PDMUT from Table 2, entry 5.
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laser  desorption  ionization-time  of  flight  (MALDI-TOF)  spec-
troscopy.  As  shown in Fig.  5,  one major  peak (blue)  and two
minor peaks (yellow and red) were clearly detected. The blue
peak corresponds to the structure of DMUT (178.32) × n + Ag+

(107.87),  and  the  yellow  and  red  peaks  correspond  to  the
structures of DMUT (178.32) × n + Ag+ (107.87) + H2O (18.02)

and DMUT (178.32) × n + K+ (39.08) + H2O (18.02), respective-
ly.  This result indicates that the PDMUT chain is capped with
two  hydrogen  atoms  on  the α- and ω-ends,  wherein α-end
hydrogen  atom  is  derived  from  the  cocatalyst  DIBAH  (Al(i-
Bu)2H) and the ω-end hydrogen atom comes from ethanol or
acidified water, which is used to quench the polymerization.
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Fig. 4    (A) 13C-NMR and DEPT 135 spectra, (B) HSQC, and (C) HMBC of PDMUT obtained from Table 3, entry 5.
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Fig. 5    MALDI-TOF spectrum of the obtained PDMUT in Table 3 (run5).
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Thermal Analysis of the Obtained PDMUT
The  glass  transition  temperature  (Tg)  of  the  obtained  PDMUT
was measured using DSC, and the curve is presented in Fig. 6(A).
For  comparison,  the  DSC  curves  of  polymyrcene  (PMy)  and
polyisoprene  (PIP)  were  also  included.  Both  PMy  (1,4-mi-
crostructure:  92.59%,  molecular  weight:  12.9×103 Dalton)  and
PIP (1,4-microstructure:  95.36%, molecular weight:  2.9×103 Dal-
ton)  were  prepared  using  the  same  NdV/DIBAH/Me2SiCl2 cat-
alytic system under similar conditions. It was found that, PDMUT
exhibited  a  relative  higher Tg of ‒55.1  °C,  which  is  12.3  °C  and
13.6 °C higher than that of PMy and PIP, respectively. This result
suggests  that  PDMUT  possesses  a  more  rigid  polymer  chain
than those of PMy and PIP. The increased rigidity is attributed to
PDMUT's higher 1,2-content of PDMUT, in contrast to the high-
er 1,4-content of PMy and PIP, as a higher 1,4-structure typically
results in greater chain flexibility.

The thermal stabilities of the PDMUT, PMy, and PIP were al-
so  compared.  As  shown  in Fig.  6(B),  PDMUT  shows  an  initial
degradation at 187.62 °C and its  weight slowly decreased by
15  wt%  until  a  second  dramatic  degradation  occurred  at
412.04 °C. This trend showed striking contrast to PMy and PIP,

whose  degradation  occurred  at  a  similar  temperature  of
396.04  °C.  After  396.04  °C,  PIp  degraded  slightly  faster  than
PDMUT  and  PMy,  which  degraded  at  a  similar  rate,  perhaps
because of their similar pendant groups.

Hydrogenation and Thermal Behavior of PDMUT
Hydrogenated  polydiene  rubber  products  typically  exhibit  su-
perior  thermal  and  chemical  resistance  compared  with  their
non-hydrogenated  counterparts,  thereby  broadening  their  po-
tential  applications.  To  enhance  these  properties,  PDMUT  was
subjected  to  hydrogenation  using p-toluenesulfonylhydrazide
(TSH) as a hydrogenation agent. Under reflux in xylene with ex-
cess  TSH,  PDMUT  can  be  converted  into  fully  hydrogenated
PDMUT (HPDMUT) as the expected product. 1H-NMR spectrum
of  the  obtained  HPDMUT  (Fig.  6C)  confirmed  complete  hydro-
genation, as evidenced by the disappearance of the olefinic pro-
ton  signals  (4.76–5.38  ppm),  indicating  full  saturation  of  the
double bonds. The newly appeared tertiary hydrogens H10’ lo-
cates  in  the  range  of  1.47‒1.58  ppm,  and  methyl  protons  of
H11/H11’,  H12/H12’ and  H13/H13’ resonate  at  0.86,  0.88,
0.81‒0.84 ppm respectively. The other protons appeared in the
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Fig. 6    (A) DSC thermograms and (B) TGA thermograms of PDMUT, PMy, PIP; (C) 1H-NMR, (D) 13C-NMR and DEPT 135 spectra of HPDMUT.
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region  of  0.88‒1.39  ppm,  and  severe  overlapping  occurred,
which prevented further exact assignments. The 13C and 1H-13C
HSQC NMR spectra of HPDMUT and their corresponding signal
assignments are shown in Fig. 6(D), wherein carbon C10’ can be
readily  identified  because  of  its  correlation  with  H10’ in  the
HSQC spectrum. Methyl carbons Ck/Ck’,  Cl/Cl’ and Cm/Cm’ ap-
pear  at  21.64,  21.74,  18.54‒19.25  ppm  respectively,  with  clear
correlations  to  their  corresponding  protons  of  H11/H11’,
H12/H12’ and  H13/H13’ in  the  HSQC  spectrum  (Fig.  S1  in  ESI).
Regarding  the  thermal  properties,  HPDMUT  exhibits  a  slightly
higher Tg (‒51.1  °C)  compared  to  PDMUT,  likely  due  to  in-
creased main-chain rigidity after being hydrogenation (Fig. S2 in
ESI).

Copolymerization of DMUT with Isoprene (IP) and
Butadiene (BD)
To further  explore  the compositional  flexibility  and application
potential  of  DMUT-based  materials,  we  investigated  their
copolymerization  with  two  classical  conjugated  dienes:  IP  and
BD.  Copolymerization  with  IP  was  conducted  under  the  same
Nd-based catalytic conditions as those used for homopolymer-
ization. As shown in Table 3, the reactions proceeded efficiently,
yielding  copolymers  with  moderate  to  high  conversions
(42.5%‒76.6%)  depending  on  the  DMUT/IP  feeding  ratio.  No-
tably,  all  the  samples  exhibited  unimodal  GPC  curves  (Fig.  7a),
indicating  true  copolymer  formation  rather  than  a  mixture  of
homopolymers,  suggesting  initiation  from  a  unified  catalytic
species.

The  successful  incorporation  of  IP  segments  was  con-
firmed  by  the  emergence  of  characteristic 1H-NMR  peaks  at
4.75 ppm (3,4-IP), and sharper signals at 5.12 ppm (1,4-IP me-
thine) and 2.02 ppm (1,4-IP methylene) (Fig.  7b),  which were
absent in the spectrum of  pure PDMUT in Fig.  3(c).  As  the IP
feeding ratio increased, these signals intensified proportional-
ly, confirming the tunability of copolymer composition. Quan-
titative analysis from 1H-NMR further revealed that IP was in-
corporated more efficiently than its  initial  feeding ratio,  indi-
cating its  higher polymerization activity  compared to that  of
DMUT. To quantify this observation, the reactivity ratios of IP
(rIP)  and  DMUT  (rDMUT)  were  calculated  using  the  Fineman–
Ross formula, as follows:[54][(1 − f)/f]F = rIP − rDMUTF

2/f (2)

where F and f denote the molar ratio of IP to DMUT in the feed
and in the resulting copolymer,  respectively,  as  determined by
1H-NMR spectra. The calculated reactivity ratios, as shown in Ta-
ble S2 and Fig. S3 (in ESI), were rIP=1.38 and rDMUT=0.24, respec-
tively.  These values clearly  indicate that  IP  is  significantly  more
active than DMUT, which is likely attributable to the lower steric
hindrance  of  IP.  In  addition,  the  thermal  properties  of  the  ob-

tained DMUT/IP copolymers were investigated. As shown in Fig.
S4 (in ESI), the Tg of the copolymers gradually increased with in-
creasing DMUT content, ranging from –67.7 °C to –64.3 °C. This
trend supports the hypothesis that incorporating bulkier DMUT
units restricts segmental mobility, enabling the precise tuning of
the  copolymers’ thermal  properties  by  adjusting  the  DMUT/IP
ratio.  The thermal  and structural  tunability  of  DMUT-based ho-
mopolymers and copolymers make them promising candidates
for use as processing aids in rubber compounding, wherein key
performance  parameters,  such  as  mobility,  low-temperature
properties, and antioxidative characteristics, can be precisely tai-
lored  to  meet  application  requirements.  Moreover,  these
copolymers were derived from a green monomer of DMUT, en-
hancing their appeal for applications where sustainable rubber
additives are essential.

Copolymerization with BD followed similar trends (Table S3
in  ESI, Fig.  7c).  Higher  BD  feed  ratios  resulted  in  increased
yields (up to 73.8%) and reduced DMUT incorporation, as con-
firmed  by 1H-NMR  spectroscopy  (Fig.  7d).  BD  also  showed
higher activity than DMUT, which is consistent with its small-
er molecular size and greater accessibility to the catalytic site.
Taken together, these results demonstrate that DMUT not on-
ly  undergoes  efficient  homopolymerization,  but  also  copoly-
merizes  readily  with  traditional  diene  monomers.  Incorpora-
tion of bulky, branched DMUT segments into IP and BD back-
bones enables the preparation of polydiene copolymers with
tunable compositions and microstructures.  This structural in-
tegration  is  expected  to  modulate  the  key  thermal  and  me-
chanical  properties,  potentially  affording  new  elastomeric
materials  with  enhanced  rigidity  and  adjustable  glass  transi-
tion temperatures.

CONCLUSIONS

In summary, the present study presents a new and facile strate-
gy for converting bio-based citronellal into a polydiene polymer
of  poly(6,10-dimethyl-1,3,9-undecatriene)  (PDMUT).  In  the  Wit-
tig reaction, citronellal is first converted to dienic DMUT, which
subsequently undergoes polymerization using an Nd-based co-
ordination  catalytic  system.  The  structures  of  the  DMUT
monomer and the PDMUT products were fully characterized. By
varying  the  polymerization  conditions,  such  as  the  DIBAH/Nd
ratio,  chloride  donor  type,  and  DMUT/Nd  ratio, etc.,  PDMUT
products with different molecular weights, polydispersities, and
microstructures can be achieved. As evidenced by 1H, 13C, HSQC,
and HMBC NMR analyses,  the  resultant  PDMUT predominantly
exhibited a 1,2-content. The thermal properties of PDMUT were
also  investigated  by  DSC  and  TGA,  and  their  differences  from
other common polydiene-based polymers were compared. Fur-
thermore, the copolymerization of DMUT with isoprene and 1,3-

 

Table 3    Copolymerization of DMUT and IP at different [DMUT]/[IP]/[Nd] ratios. a
 

Entry [DMUT]/([IP] or [BD]) Yield (%) Mn b (×103) PDI b
Content c (%)

PDMUT PI

1 400:100 42.5 9.4 1.96 77.5 22.5
2 300:200 55.4 7.7 1.89 58.8 41.2
3 200:300 67.9 7.6 1.84 40.9 59.1
4 100:400 76.6 7.0 1.83 31.2 68.8

a Polymerization  conditions:  [DMUT+IP]  =  1.85  mol/L,  in  hexane,  50  °C,  24  h,  [M]/[Nd]  =  500,  [DIBAH]/[Nd]  =  40,  [Cl]/[Nd]  =  3.0  (Me2SiCl2),  catalyst  feeding
order: Nd + (DMUT + IP) + DIBAH + Cl. b Determined by GPC using polystyrene standards. c Determined by 1H-NMR.
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butadiene  was  successfully  achieved,  affording  unimodal
copolymers with adjustable compositions and potential for tai-
lored  performance.  These  findings  highlight  the  versatility  of
DMUT as a bio-based monomer and provide a new avenue for
the  design of  sustainable  polydiene elastomers  with  customiz-
able thermal and mechanical properties.
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