
 

https://doi.org/10.1007/s10118-026-3698-2

Chinese J. Polym. Sci.

Epoxy-functionalized Cyclohexane-based Ricinoleate Plasticizer:
Synthesis, Performance Evaluation, and Plasticizing Mechanism

Zhuo-Kai Wanga,b, Ying-Yong Jiangc, Wen-Nan Dua,b, Yao-Bin Wanga,b, Xing-Chen Baia,b, Cheng-Wei Songa,b,
Zhi-Peng Jianga,b, Liang Rena,b*, Sai-Nan Cuia,b, and Feng-Xiang Gaod*

a School of Chemical Engineering, Changchun University of Technology, Changchun 130102, China
b Engineering Research Center for synthetic resin and special fiber, Ministry of Education, Changchun University of Technology, Changchun 130102, China
c Research Institute of Jilin Petrochemical Company, PetroChina, Jilin 132012, China
d Key Laboratory of Polymer Ecomaterials, Changchun, Institute of Applied Chemistry CAS, Chinese Academy of Sciences, Changchun 130022, China

Abstract   The molecular design of bio-based plasticizers often involves a trade-off between key performance and sustainability. Herein, we pro-

pose a novel molecular design strategy that breaks this contradiction by integrating a flexible backbone derived from non-edible sources, sus-

tainable alicyclic rigid core, and epoxy groups. A series of epoxy-functionalized cyclohexane-based ricinoleate plasticizers, epoxyacetyl ricinoleic

acid  cyclohexanol  ester  (EACHR),  epoxyacetyl  ricinoleic  acid  cyclohexanediol  ester  (EACHDR),  and  epoxyacetyl  ricinoleic  acid  cyclohex-

anedimethanol ester (EACHDMR), were synthesized. When evaluated in poly(vinyl chloride) (PVC) as a demanding validation platform, the opti-

mal  plasticizer  (EACHDMR) achieved comprehensive performance,  which reduced the glass transition temperature (Tg)  by 30%, increased the

elongation at break by more than 50-fold, and enhanced the notched impact strength by over 35-fold compared to an unplasticized PVC sample.

Importantly, EACHDMR exhibited lower migration and 20.7% higher plasticizing efficiency than the commercial benchmark dioctyl terephtha-

late (DOTP). This study demonstrated that by rationally integrating rigid cores, flexible fatty acid chains, and polar groups, it is possible to success-

fully balance performance and sustainability, providing a new design strategy for developing high-performance and sustainable alternatives to

traditional plasticizers.
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INTRODUCTION

Plasticizers are important for endowing flexible polymer materi-
als.  Therefore,  it  is  widely  used  in  the  preparation  of  various
commercial  products.  Among  these  plasticizers,  traditional
petroleum-based  phthalates  have  dominated  the  market  ow-
ing  to  their  low  cost  and  effective  performance.[1,2] However,
this dominance remains a significant challenge. Substantial evi-
dence  indicates  that  these  compounds  migrate  readily  from
products, posing established risks to human health and the en-
vironment.[3−5] This  has  led  to  increasingly  strict  global  regula-
tions.[6] Consequently,  these  regulatory  pressures,  along  with
the  constraint  of  the  unsustainability  of  fossil  resources,  have
driven  an  urgent  need  for  novel,  non-toxic  plasticizers  derived
from renewable biomass.[7−9]

To address  this  need,  bio-based alternatives have become
the  primary  candidates  derived  from  abundant  and  renew-
able resources.  However,  the inherent  limitations of  molecu-

lar design have hindered their widespread commercial appli-
cation.[10−12] Specifically,  current designs typically struggle to
achieve  key  performances  simultaneously,  such  as  plasticiz-
ing efficiency and migration resistance. This may not achieve
a good overall performance. For instance, linear polyol esters
from  soybean  oil  achieve  higher  thermal  stability  at  the  ex-
pense  of  mechanical  strength.[13,14] However,  rigid  cyclic
structures  based  on  petrochemical  benzene  rings  enhance
compatibility  while  compromising  both  sustainability  and
safety  owing  to  toxicity  risks.[15−17] Beyond  these  molecular
design  issues,  dependence  on  food-competing  feedstocks,
such  as  edible  oils,  raises  ethical  concerns  and  supply  chain
risks.[18,19] Consequently,  bio-based  plasticizers  currently  ac-
count  for  less  than  10%  of  the  market  and  are  yet  to  meet
comprehensive commercial performance standards.[20,21]

To overcome these challenges, we propose a molecular de-
sign  strategy  that  combines  three  key  elements  to  enhance
polymer  interactions:  a  flexible  backbone  derived  from  non-
edible  sources,  a  sustainable  alicyclic  rigid  core,  and  polar
functional  groups.  For  the  flexible  backbone,  ricinoleic  acid
(RA), a natural hydroxy fatty acid from castor oil, was selected
because  of  its  proven  low  toxicity  and  chemical
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functionality.[22−25] For  the  rigid  core,  a  bio-derivable  cyclo-
hexane ring was introduced to replace the benzene ring. This
structure offers significant steric hindrance and polarity simi-
lar to aromatic rings but does not possess the corresponding
toxicity, conforming to the principles of green chemistry.[26,27]

In addition, the molecule is functionalized with epoxy groups
to strengthen the dipole-dipole interactions with polar  poly-
mer chains.[28] Therefore, we hypothesize that this synergistic
“RA-cyclohexane-epoxy” design will achieve a balance in plas-
ticizing efficiency, migration resistance, and thermomechani-
cal performance.

To  test  this  hypothesis,  we  synthesized  a  series  of  epoxy-
functionalized  cyclohexane-based  ricinoleate  plasticizers
(EACHR,  EACHDR,  and  EACHDMR).  Subsequently,  poly(vinyl
chloride) (PVC) was selected as a strict validation platform be-
cause  of  its  high  polarity  and  strong  intermolecular  forces,
which make it an exceptionally demanding matrix for assess-
ing  plasticizer  performance.[29−31] On  this  platform,  the  ther-
mal stability, mechanical properties, migration resistance, and
plasticizing efficiency of PVC plasticized with the compounds
were  systematically  evaluated  and  benchmarked  against
dioctyl  terephthalate  (DOTP).  Thus,  this  work  not  only
presents  high-performance alternatives  but  also provides  in-
sights into the molecular design of sustainable plasticizers.

MATERIALS AND METHODS

Materials
Poly(vinyl  chloride)  (PVC,  grade  SG-5)  was  sourced  from  Xin-
jiang Tianye Co., Ltd. (China). Ricinoleic acid (AR, ≥99.0%), 1,4-cy-
clohexanediol  (AR,  ≥99.5%),  cyclohexanol  (AR,  ≥99.5%),  1,4-cy-
clohexanedimethanol  (AR,  ≥99.5%),  and p-toluenesulfonic  acid
(AR, ≥99.0%) were purchased from Shanghai Macklin Biochemi-
cal  Co.,  Ltd.  (China).  Sodium bicarbonate (AR,  ≥99.5%),  toluene
(AR, ≥99.5%), and formic acid (≥88 wt%), hydrogen peroxide (30
wt%),  and  ethyl  acetate  (AR,  ≥99.0%)  were  supplied  by  Tianjin
Guangfu  Technology  Development  Co.,  Ltd.  (China).  Dioctyl
terephthalate  DOTP  (industrial  grade,  ≥99.0%)  and  methyltin
mercaptide stabilizer (CP, ≥98%) were obtained from Shandong
Blue Sail Chemical Co., Ltd. (China).

Synthesis of Epoxyacetyl Ricinoleic Acid Cyclohexanol
Ester (EACHR)
Ricinoleic acid (298.46 g, 1 mol), and acetic anhydride (122.51 g,
1.2  mol)  were charged into a  three-necked flask under  a  nitro-

gen  atmosphere.  The  mixture  was  then  stirred  and  heated  at
140  °C  for  2  h.  After  cooling  to  room  temperature,  the  crude
product  was  washed  with  deionized  water  until  the  aqueous
washings were neutral. It was then purified by distillation under
reduced pressure to obtain the refined acetylated ricinolate (AR)
product.

AR (340 g,  1  mol),  p-toluenesulfonic  acid  (5.7  g,  0.03  mol),
cyclohexanol (110.17 g, 1.1 mol), and the appropriate amount
of  toluene  as  an  aqueous  agent  were  added  to  a  three-
necked  round-bottomed  flask  with  a  condensate  refluxing
device  and  a  stirring  device.  After  the  component  reagents
were fully dissolved, the reaction was performed at 120 °C un-
der a nitrogen atmosphere. The reaction continues for 10–12
h  until  the  water  yield  approached  the  theoretical  value.  At
the end of the reaction, the product was cooled to room tem-
perature and washed 3–5 times with 5% sodium bicarbonate
solution until  the product was neutral,  and then washed 3–5
times  with  deionized  water.  Finally,  acetylated  cyclohexanol
ricinolate (ACHR) was purified by partitioning and distillation
under reduced pressure.

The refined products, ACHR (422 g, 1 mol) and formic acid
(46 g, 0.35 mol), as well as an appropriate amount of ethyl ac-
etate  solvent  were  placed  in  a  three-necked  flask,  and  the
temperature  was  raised  to  50  °C  after  stirring,  followed  by
dropwise  addition  of  hydrogen  peroxide  (81.6  g,  2.4  mol),
which  was  completed  within  30  min.  The  reaction  mixture
was heated to 65 °C for 4 h. After the reaction was complete,
the  refined  product,  EACHR,  was  obtained  by  neutralization
and  distillation  under  reduced  pressure  with  water  washing.
The final  yield of the EACHR was 92.8%, and the preparation
process is illustrated in Fig. 1.

Synthesis of Epoxyacetyl Ricinoleic Acid
Cyclohexanediol Ester (EACHDR)
Synthesis of EACHDR followed the same procedure as that used
for EACHR. The only difference lies in the substitution of 1,4-cy-
clohexanediol  for  cyclohexanol,  which  has  a  carboxyl-to-hy-
droxyl  group  ratio  of  1.1:1.0.  The  final  yield  of  EACHDR  was
93.2%; the synthetic route is shown in Fig. 2.

Synthesis of Epoxyacetyl Ricinoleic Acid
Cyclohexanedimethanol Ester (EACHDMR)
The  synthetic  route  to  EACHDMR  was  analogous  to  that  of
EACHDR,  except  that  1,4-cyclohexanedimethanol  was  used  to
replace  1,4-cyclohexanediol.  The  final  yield  of  EACHDMR  was
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Fig. 1    Synthesis route of epoxyacetyl ricinoleic acid cyclohexanol ester (EACHR).
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93.6%; the synthetic route is illustrated in Fig. 3.

Preparation of Plasticized PVC Samples
Prior to processing, poly(vinyl chloride) (PVC) was dried in a vac-
uum  drying  oven  at  80  °C  for  a  minimum  of  8  h  to  eliminate
moisture.  Subsequently,  castor-oil-based  plasticized  PVC  sam-
ples were prepared via melt blending using a two-roll mill. The
processing temperature was maintained at 165 °C for 3–5 min.
An  environmentally  friendly  methyltin  mercaptide  (organotin
181)  was employed as  a  processing heat  stabilizer.  The experi-
mental  formulations  and  sample  nomenclature  are  listed  in
Table 1.

Characterization

Fourier transform infrared (FTIR) spectroscopy
The  chemical  structures  of  the  epoxy-functionalized  cyclohex-
ane-based  ricinoleate  plasticizers  were  confirmed  by  Fourier
transform infrared (FTIR) spectroscopy using a Nicolet IS50 spec-

trometer.  For  analysis,  each  sample  was  mixed  with  spectro-
scopic-grade potassium bromide (KBr) and pressed into pellets.
FTIR  spectra  were  recorded  in  the  range  of  4000  to  400  cm–1

with a resolution of 2 cm–1, averaging 32 scans per spectrum.

Nuclear magnetic resonance (1H-NMR) spectroscopy
1H-NMR spectroscopy was performed on a Bruker Avance III 400
MHz spectrometer. Samples were dissolved in deuterated chlo-
roform (CDCl3) for analysis.

Thermogravimetric analysis (TGA)
The thermal stability of the plasticized PVC samples was evalu-
ated by thermogravimetric  analysis  (TGA)  using a  Perkin-Elmer
PYRIS-1 TGA instrument. Measurements were performed under
a nitrogen atmosphere with sample masses of 8-10 mg, heating
from 30 °C to 600 °C at a rate of 10 °C/min.

Mechanical properties
The impact strength was measured using a cantilever beam im-
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Fig. 2    Synthesis route of epoxyacetyl ricinoleic acid cyclohexanediol ester (EACHDR).

 

OH O

OH

O O

O

140 °C, 2 h

O O

OH

O

120 °C, 12 h

TsOH

Ricinolic acid Acetylated ricinoleate (AR)

65 °C, 4 h

TsOH

HCOOH

Epoxy acetylated cyclohexanedimethanol ricinoleate

(EACHDMR)

Acetylated cyclohexanedimethanol ricinoleate
(ACHDMR)

O

O

O O

O

O R2

O O

O

R1

R1

R1
HO OH

O

O

R2

R2

OH

HO

 
Fig. 3    Synthetic route of epoxyacetyl ricinoleic acid cyclohexanedimethanol ester (EACHDMR).
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pact tester (XJU-22, China), following the GB/T 1843-2008 stan-
dard. Tensile tests were performed on an Instron 1121 universal
testing  machine  (USA)  at  a  crosshead  speed  of  30  mm/min  in
accordance with GB/T 1040-2018.

Dynamic mechanical analysis (DMA)
Dynamic  mechanical  analysis  (DMA)  was  conducted  on  com-
pression-molded specimens (30 mm × 5 mm × 1 mm) using a
PerkinElmer  Diamond  DMA  instrument.  Tests  were  performed
in tension mode at a frequency of 1 Hz, with temperature ramp-
ing from 30 °C to 120 °C at a rate of 3 °C/min.

Shore hardness
The Shore hardness (type D) of the plasticized PVC samples was
measured  using  an  LX-D  durometer  (Shanghai  Chuanlu  Mea-
suring Instruments Co., Ltd., China), following the ISO 868:2003
standard.

Scanning electron microscope (SEM)
The  impact-fractured  surfaces  of  the  plasticized  PVC  samples
were  examined  using  a  scanning  electron  microscope  (JSM-
5600,  JEOL,  Japan).  Prior  to  observation,  all  the  samples  were
sputter-coated  with  gold.  The  accelerating  voltage  was  main-
tained between 5 and 10 kV.

Migration and volatility resistance
Migration  resistance  and  volatility  resistance  tests  were  con-
ducted  in  accordance  with  the  ISO  177:1988  (E)  standard.  The
detailed testing procedure is as follows:

(1)  Migration  resistance  test:  samples  with  dimensions  of
50 mm × 50 mm ×1 mm were prepared using a hot-pressing
method. The initial mass M0 was recorded. The samples were
subjected to leaching experiments in deionized water and n-
hexane at 30 °C for 48 h. Subsequently, the liquid on the sam-
ple surface was rinsed off and the samples were dried before
measuring the final mass, M1.

(2) Volatility resistance test: samples with dimensions of 50
mm × 50 mm × 1 mm were prepared, and the initial mass, M0,
was recorded. The samples were then placed in an oven at 70
°C for 24 h, and the mass, M1, was measured after the test.

The migration and volatility  resistance of  the plasticizer  in
the samples were evaluated based on the mass loss ratio (V)
calculated using Eq. (1).

V =
M0 −M1

M0
(1)

Analysis of plasticizing efficiency
To  further  compare  the  effects  of  plasticizers,  a  series  of  PVC
samples  containing  equal  molar  amounts  of  plasticizers  was
tested on compression-molded specimens (30 mm × 5 mm × 1
mm) using a PerkinElmer Diamond DMA. Tests were performed
in tension mode at a frequency of 1 Hz, with temperature ramp-
ing from 30 °C to 120 °C at a rate of 3 °C/min. The Tg reduction
range  of Tg was  determined  by  DMA,  and  the  plasticizing  effi-
ciency of each plasticizer was quantitatively evaluated.

This  study  employs  two  evaluation  systems.  The  equal-
mass loading system (10 wt%, 20 wt%, and 30 wt%) simulat-
ed the actual industrial application scenario and was used to
evaluate the comprehensive performance (mechanical  prop-
erties, thermal stability, resistance to migration and volatility,
and  yellowing  index).  The  equal-mole  loading  system  (Table
2) was used to compare the intrinsic plasticizing efficiency of
different plasticizer molecules on a fair basis, based on the re-
duction in the glass transition temperature.

Yellowing index

b∗before

b∗after

The inhibitory effects of different plasticizers on the dechlorina-
tion  of  PVC  were  evaluated  through  a  thermal  aging  experi-
ment.  The  plasticized  PVC  samples  were  cut  into  square  thin
sheets,  placed  in  a  forced-air  oven,  and  subjected  to  constant
temperature aging at 120 °C. Samples were taken out at aging
times  of  0,  10,  50,  90,  170,  and  190  min  and  rapidly  cooled  to
room temperature. The b* value (yellow-blue value) of the sam-
ples was measured in the CIE Lab color space using a colorime-
ter (CR-10plus,  KONLCA MINOLTA).  The  value is  used to
measure the degree of yellowing before aging. The  is used
to  measure  the  degree  of  yellowing  after  aging.  At  least  three
measurements were performed for each sample, and the aver-

 

Table 1    Plasticized PVC sample formulations.
 

Sample name PVC EACHR EACHDR EACHDMR Stabilizer

PVC 100 / / / 2
PVC/EACHR10 100 10 / / 2
PVC/EACHR20 100 20 / / 2
PVC/EACHR30 100 30 / 2

PVC/EACHDR10 100 / 10 / 2
PVC/EACHDR20 100 / 20 / 2
PVC/EACHDR30 100 / 30 / 2

PVC/EACHDMR10 100 / / 10 2
PVC/EACHDMR20 100 / / 20 2
PVC/EACHDMR30 100 / / 30 2

Note: unit is g, “/” means not added.

 

Table 2    Two evaluation frameworks for plasticization performance.
 

System Key parameter EACHDMR versus DOTP

Equal-mass (10 wt%–30 wt%) Mechanical properties;
Thermal stability;

Migration/volatility resistance;
Tg reduction;

Yellowing index

Comparable or superior

Equimolar Relative plasticization efficiency 120.7% (20.73% higher)
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age value was calculated. The yellowing index (Δb*) was calcu-
lated using the following Eq. (2):

Δb∗ = b∗before − b∗after (2)

RESULTS AND DISCUSSION

FTIR
The  chemical  structures  of  the  synthesized  epoxy-functional-
ized cyclohexanecarboxylate plasticizers  (EACHR,  EACHDR,  and
EACHDMR)  were  confirmed  using  Fourier  transform  infrared
(FTIR) spectroscopy. As shown in Fig. 4, the FTIR spectra exhibit-
ed  characteristic  absorption  bands  that  were  aligned  with  the
designed molecular features. The consumption of ricinoleic acid
was  indicated  by  the  disappearance  of  its  broad  hydroxyl

(O―H)  stretching  band  at  approximately  3400  cm–1.  Mean-
while,  Successful  acetylation and esterification were  confirmed
by the appearance of a strong carbonyl (C＝O) stretching vibra-
tion  at  approximately  1740  cm–1 and  the  associated  C―O―C
stretching bands at 1240 and 1150 cm–1. Critically, the presence
of the absorption band at 910 cm–1, characteristic of the epoxy
group,  verifies  the  introduction  of  this  key  polar  functionality.
Collectively, these spectral features validated the successful exe-
cution  of  the  synthetic  route,  yielding  target  compounds  with
the intended functional groups.

1H-NMR
The  molecular  structures  of  EACHR,  EACHDR,  and  EACHDMR
were  confirmed  using 1H-NMR  spectroscopy  showed  in Fig.  5.
The observed signals in the spectra are consistent with the ex-
pected epoxy-functionalized cyclohexanecarboxylate structure.
The terminal methyl protons (signal a) at δ=0.88 ppm; the com-
plex set of signals from aliphatic methylene protons (signal b) in
the  broad  envelope  of δ=1.2–1.8  ppm,  originating  from  both
the fatty  acid  chain and the cyclohexyl  ring.  The acetyl  methyl
protons  (contributing  to  signal  c)  resonated  around δ=2.0–2.1
ppm, while protons adjacent to the carbonyl and epoxy groups
(signal  d)  were  observed  at δ=2.27–2.28  ppm.  The  protons  in
the critical linker region between the ester and cyclohexyl rings
gave  rise  to  distinct  patterns.  For  EACHR,  the  methylene  pro-
tons (O―CH2, signal e) appeared as characteristic multiplets be-
tween δ=4.7 and 4.9 ppm. In contrast, for the symmetric deriva-
tives  EACHDR  and  EACHDMR,  the  corresponding  methine  or
methylene protons in this region (signal e) produced a different,
specific  pattern  between δ=4.8  and  4.9,  consistent  with  their
para-disubstituted  cyclohexane  structures.  The  diagnostic  me-
thine  proton  on  the  acetylated  ricinoleate  backbone  (signal  f)
was clearly observed as a multiplet in the region δ=5.3–5.5 ppm.
The integration values derived from the spectra (Table 3) are in
good  agreement  with  the  theoretical  proton  counts  for  each
target molecule. The overall spectral purity was high, and there
was very little stray resonance, which guaranteed the successful
formation of the target compound.

Thermal Stability
As  shown  in Fig.  6,  the  PVC  sample  exhibited  a  two-phase
breakdown  mechanism.  The  temperature  range  for  the  first
stage  is  260–370  °C.  This  is  primarily  attributed  to  the  thermal
decomposition of the plasticizer and dehydrochlorination of the
PVC  matrix.[32,33] The  temperature  range  for  the  second  phase
was  between  450  and  530  °C,  which  is  primarily  attributed  to
the  structural  rearrangement  of  the  PVC  macromolecules  and
cleavage  of  the  carbon  skeleton.[34] The  temperature  at  which
the plasticized PVC sample lost 5% of its mass was recorded as
T5%. It can be used to analyze the influence of plasticizers on the
first-stage dechlorination decomposition behavior of poly(vinyl
chloride) or volatilization of plasticizers. Compared to neat PVC,
the  addition  of  plasticizers  improved  the  thermal  stability  of
PVC.  As  shown  in Table  4,  the  initial  decomposition  tempera-
ture  (T5%)  increased.  Specifically,  EACHDMR  demonstrated  ex-
cellent  thermal  stability.  For  instance,  the T5% of
PVC/EACHDMR30  (282.4  °C)  was  higher  than  that  of
PVC/DOTP30  (250.9  °C),  suggesting  that  DOTP-plasticized  PVC
undergoes  earlier  volatilization  or  initial  dehydrochlorination.
This  was  further  confirmed  by  the  DTG  curve:  PVC/DOTP30
showed a more pronounced peak in the first degradation stage,
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Fig. 4    FTIR spectra of (A) EACHR, (B) EACHDR, (C) EACHDMR.
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accompanied  by  a  low-temperature  shoulder,  whereas
PVC/EACHDMR30 exhibited a relatively wide peak and its posi-
tion shifted to a higher temperature. Residual mass was quanti-
fied at 400 °C. At 400 °C, the residual mass of PVC/EACHDMR30
was 35.65%, whereas that of PVC/DOTP30 was 30.05%, (Table 4)

which confirmed that it had better thermal stability in the early
stage.

This was also confirmed by comparing the maximum ther-
mal  decomposition  temperatures  (Tmax)  of  the  plasticized
samples.  PVC/EACHDMR  had  a Tmax that  was  comparable  to

 

Table 3    1H-NMR spectra data of EACHR, EACHDR, and EACHDMR.
 

Plasticizer 1H-NMR（400 MHz: CDCl3, δ, ppm, J in Hz）

EACHR 1H-NMR (400 MHz, Chloroform-d, δ, ppm): 5.52–5.31 (m, 1H), 4.93–4.71 (m, 2H), 2.27 (d, J=7.5 Hz, 4H),
2.13–2.00 (m, 4H), 1.74–1.28 (m, 34H), 0.89 (s, 6H).

EACHDR 1H-NMR (400 MHz, Chloroform-d, δ, ppm): 5.32 (d, J=9.7 Hz, 2H), 4.91–4.84 (m, 2H), 2.28 (q, J=8.1 Hz, 8H),
2.06–1.97 (m, 6H), 1.63–1.24 (m, 56H), 0.88 (d, J=6.1 Hz, 6H).

EACHDMR 1H-NMR (400 MHz, Chloroform-d, δ, ppm): 5.51–5.30 (m, 2H), 3.89 (d, J=6.5 Hz, 4H), 2.29 (t, J=7.6 Hz, 8H),
2.11–1.95 (m, 8H), 1.85–1.28 (m, 56H), 1.00–0.88 (m, 6H)
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Fig. 6    TGA (a, 10 wt%; b, 20 wt%; c, 30 wt%) and DTG (a´, 10 wt%; b´,20 wt%, c´,30 wt%) curves of plasticized PVC samples.
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that  of  PVC/DOTP and higher  than those  of  PVC/EACHR and
PVC/EACHDR.  Specifically,  PVC/EACHDMR30 exhibited a Tmax

(313.1 °C) superior to that of PVC/DOTP30 (302.5 °C). This en-
hancement can be attributed to the synergistic molecular de-
sign  of  the  EACHDMR.  Specifically,  its  polar  epoxy  and  ester
groups  can  interact  with  the  active  chlorine  atoms  in  PVC,
thereby  potentially  inhibiting  autocatalytic
dechlorination.[35,36] Meanwhile,  its  rigid  cyclohexane  ring
provides steric hindrance and thermal stability similar to that
of the benzene ring in DOTP.[37]

By  analyzing  the  two-stage  degradation  behavior  of  the
PVC plasticization samples,  it  was found that  the addition of
plasticizers reduced the two-stage decomposition of PVC and
improved  its  thermal  stability.  Specifically,  in  the  plasticized
sample with 10 wt% plasticizer content, the synthesized sam-
ples showed a quality residue similar to that of PVC/DOTP; for
example,  at  500  °C,  the  quality  residue  of  PVC/DOTP10  was
16.06%,  while  the  quality  residues  of  PVC/EACHR10,
PVC/EACHDR10, and PVC/EACHDMR10 were 16.45%, 14.68%,
and  11.86%,  respectively.  This  indicates  that  ricinoleic  acid-
based  plasticizers,  owing  to  their  alkyl  cyclic  structure,  more
abundant  ester  and  epoxy  groups,  and  relative  molecular
mass,  can reduce the degree of  two-stage decomposition of
PVC  plasticized  samples,  thereby  achieving  thermal  stability
similar  to  that  of  DOTP  in  the  two-stage  decomposition  of
PVC.

Mechanical Properties
By examining the static  and dynamic mechanical  properties  of
polymers, the influence of plasticizers on their ductility and flex-
ibility can be comprehensively evaluated.[38] Fig. 7(a) shows that
the notched impact strength of neat PVC is only 28 J/m, which is
typical  for  brittle  materials.[39] After  the  addition  of  the  bio-
based plasticizers, the performance was significantly enhanced.
Specifically, the notched impact strengths of PVC/EACHR20 and
PVC/EACHDMR20 were 1280 and 1024 J/m, respectively. These
values surpassed those of neat PVC, but their performance was
comparable  to  or  even  better  than  that  of  PVC/DOTP20.  This
toughening effect stems from the intermolecular synergistic de-
sign:  its  polar  epoxy  and  ester  groups  interact  with  the  PVC
chain, weakening the intermolecular forces. The rigid cyclohex-
ane ring introduced a significant free volume. This combination
promoted chain slip and energy dissipation under impact, simu-

lating the stereoscopic hindrance effect of  the benzene ring in
DOTP.[40] In contrast, at the same addition amount, the notched
impact  strength  performance  of  the  EACHDR  was  significantly
inferior.

As  shown  in Figs.  7(b)–7(d)  and Table  5,  the  tensile  tests
further clarified the plasticizing effect. With an increase in the
plasticizer  content,  the  elongation  at  break  significantly  in-
creased,  whereas  the  modulus  correspondingly  decreased.
For  instance,  the  elongation  at  break  of  PVC/EACHR20  and
PVC/EACHR30  reached  158.81%  and  208.99%,  respectively,
whereas that of neat PVC was only 3.1%. Correspondingly, the
modulus  decreased  to  548  and  148  MPa.  Under  other  test
contents,  the  tensile  properties  of  EACHR  and  EACHDMR
were  comparable  to  those  of  DOTP,  confirming  their  effec-
tiveness as plasticizers. In contrast, EACHDR performed poor-
ly in terms of elongation at break and modulus.

The  relatively  poor  mechanical  properties  of  EACHDR  de-
serve attention. Its symmetrical molecular structure may lead
to  a  decrease  in  the  efficiency  of  the  intermolecular  interac-
tions.  Meanwhile,  the  free  volume  produced  in  the  PVC  ma-
trix  was  not  as  high  as  that  produced  by  EACHR  and
EACHDMR. When the addition amount reached 30%, this led
to  an  excessive  reduction  in  the  modulus,  as  shown  in  the
tensile  data.  Although  enhanced  chain  fluidity  can  increase
the elongation at break of materials, an excessively low mod-
ulus weakens the ability of  the material  to effectively absorb
and disperse impact energy, which is associated with the ob-
served  reduction  in  notched  impact  strength.[41] This  indi-
cates that achieving the best plasticization requires a balance
between the flexibility and rigidity.

The performance of EACHR and EACHDMR verified the core
design hypothesis that aliphatic cyclohexane rings can effec-
tively  replace  benzene  rings  as  rigid  cores.  Under  the  same
test  conditions,  the  data  for  plasticizers  containing  benzene
rings  with  similar  structures  (EABR  and  EATPR)  were  com-
pared,  further  confirming  this  conclusion.[42] The  impact
strength  of  PVC/EACHR20  (1280  J/m)  is  considerably  higher
than  that  of  PVC/EABR20  (465  J/m).  Similarly,
PVC/EACHDMR20  (1084  J/m)  matches  the  performance  of
PVC/EATPR20  (1072  J/m).  These  comparisons  provide  evi-
dence that sustainable cyclohexane-based designs can match
and  even  surpass  the  effectiveness  of  traditional  aromatic
structures for enhancing the mechanical strength of PVC.

 

Table 4    Thermal parameters of plasticizers and plasticized PVC samples.
 

Sample T5% (°C) Tmax (°C)
Residual mass (%)

400 °C 500 °C 600 °C

PVC 284.3 298.3 40.76 24.16 20.46
PVC/DOTP10 287.3 317.9 34.65 16.06 11.66
PVC/DOTP20 288.6 326.8 31.86 16.34 11.26
PVC/DOTP30 250.9 302.5 30.05 13.82 12.07

PVC/EACHR10 279.6 296.8 38.63 16.45 14.14
PVC/EACHR20 282.2 310.3 35.71 12.36 10.57
PVC/EACHR30 281.4 311.9 37.51 15.17 13.61

PVC/EACHDR10 280.6 294.8 37.15 14.68 12.64
PVC/EACHDR20 281.9 303.1 42.76 20.61 18.72
PVC/EACHDR30 279.8 310.2 34.12 11.66 9.66

PVC/EACHDMR10 281.1 300.4 36.37 11.86 9.21
PVC/EACHDMR20 289.1 306.2 34.94 7.76 5.41
PVC/EACHDMR30 282.4 313.1 35.65 8.68 6.65
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Dynamic Mechanical Analysis
The  plasticizing  effect  is  further  quantified  through  dynamic
mechanical analysis (DMA). The reduction in the glass transition
temperature  (Tg)  is  a  key  indicator  for  measuring  the  perfor-
mance of plasticizers.[43] As shown in Fig. 8, with an increase in
plasticizer  content,  the Tg of  the  PVC  sample  gradually  de-
creased.  For  instance,  the Tg values  of  PVC/EACHR10,
PVC/EACHR20, and PVC/EACHR30 are 69.17, 57.47, and 48.75 °C,
respectively,  which  are  significantly  lower  than  those  of  neat
PVC at 30 wt% by 39.28 °C.  This trend confirms that the plasti-
cizers  efficiently  disrupted  the  dipole-dipole  interactions  be-

tween the PVC chains, increasing the chain mobility.
A  comparative  analysis  revealed  distinct  structure-perfor-

mance trends.  At  30 wt%,  both EACHR and EACHDMR could
effectively  reduce Tg to  48.75  and  55.97  °C,  respectively,
which was comparable to or lower than the Tg value of 53.37
°C  for  PVC/DOTP.  In  contrast,  EACHDR  induced  a  notably
smaller  reduction  in Tg levels.  This  might  be  because  the
asymmetric single-ring structure of EACHR and the symmetri-
cal  double-substituted  ring  structure  of  EACHDMR  provide
greater  steric  hindrance,  thereby  effectively  increasing  the
free  volume  between  the  PVC  chains.  Although  the  molecu-
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Fig. 7    Mechanical properties of plasticized PVC samples: (a) notched impact strength, (b) stress-strain curves of 10 wt%, (c) stress-strain curves of
20 wt%, and (d) stress-strain curves of 30 wt%.
 

Table 5    Notched impact and tensile properties of neat PVC and plasticized PVC samples.
 

Sample name Notched impact
strength (J/m)

Tensile strength at
break (MPa)

Elongation at
break (%)

Young's
modulus (MPa)

PVC 28±2 39.6±2.1 3.2±1.1 1768±11
PVC/EACHR10 98±7 35.62±2.4 18.48±0.7 1479±13
PVC/EACHR20 1280±15 31.41±0.41 158.81±3.2 538±8
PVC/EACHR30 849±17 26.6±1.51 208.99±4.2 148±5

PVC/EACHDR10 101±5 37.19±2.3 5.82±2.1 1652±11
PVC/EACHDR20 76±8 26.81±2.8 11.62±4.2 856±9
PVC/EACHDR30 74±5 20.41±1.9 25.06±4.81 341±14

PVC/EACHDMR10 60±4 35.41±3.4 15.46±2.5 1535±21
PVC/EACHDMR20 1024±9 29.44±3.1 118.23±6.3 596±12
PVC/EACHDMR30 957±15 26.69±1.4 172.36±3.3 142±4

PVC/DOTP10 46±3 42.6±2.2 4.8±1.5 1788±13
PVC/DOTP20 1086±21 20.2±0.8 113.2±5.6 1115±56
PVC/DOTP30 771±11 25.7±3.5 214.1±8.5 58±12
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lar weights of EACHDMR and EACHDR are similar, the former
performs better, highlighting the significance of the molecu-
lar geometry and the presence of flexible methylene spacers
in  the  cyclic  substituents  in  achieving  optimal  compatibility
and plasticizing efficiency.

The single tanδ peaks observed for the blends indicate the
absence of macroscopic phase separation between the plasti-
cizers and PVC matrix.[44] However, EACHDR has a poor effect
on reducing Tg and its mechanical properties, revealing a key
difference in its plasticizing efficiency. This demonstrates that
while  EACHDR  achieves  a  molecular-level  dispersion  suffi-
cient  to  prevent  a  separate  thermal  transition,  its  specific
symmetric  molecular  structure  affords  less  effective  disrup-
tion of PVC chain-chain interactions compared to EACHR and
EACHDMR.  This  low  plasticizing  efficiency  indicates  that  the
EACHDR may approach its actual compatibility limit at lower

effective  concentrations.  This  hypothesis  was  further  con-
firmed using SEM.

Shore Hardness
Testing the hardness of the plasticized sample can characterize
the plasticizing effect  of  the plasticizer.  As  shown in Fig.  9,  the
hardness  of  the  plasticized  PVC  samples  gradually  decreased
with  an  increase  in  the  plasticizer  content.  For  example,  the
hardness of neat PVC (58) was reduced to 50 for PVC/EACHR10,
45 for  PVC/EACHR20,  and 40 for  PVC/EACHR30.  A comparative
analysis at 30 wt% established the following performance order:
PVC/EACHR30 < PVC/EACHDMR30 < PVC/DOTP30 < PVC/EACH-
DR30. These results indicate that EACHR and EACHDMR had sig-
nificant softening effects on PVC. Its plasticizing performance is
comparable  to  or  even  surpasses  that  of  DOTP.  In  contrast,
PVC/EACHDR30 demonstrated the highest hardness among the
plasticized samples, reflecting its relatively weak ability to break
the  rigidity  of  the  PVC  matrix.  This  result  shows  a  correlation
with mechanical data. Although PVC/EACHDR30 had a relative-
ly good rigidity retention capacity, its impact strength and elon-
gation at break were relatively low. This indicates that its com-
patibility with PVC is limited and the intermolecular interaction
efficiency is relatively low. It not only fails to provide an effective
toughening effect, but also leads to plasticized PVC samples be-
ing both brittle and not fully softened. The effects of EACHR and
EACHDMR  on  hardness  reduction  confirmed  their  successful
molecular design.
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Fig. 9    Shore hardness of plasticized PVC samples D.

 

Microscopic Morphology Analysis
As  shown  in Fig.  10(a),  with  an  increase  in  plasticizer  content,
the impact  fracture  morphology of  the plasticized PVC sample
changed  significantly.  The  cross-section  was  relatively  smooth,
with only a few stress whitening points appearing in some sam-
ples  with  low  plasticizer  concentrations.  In  contrast,  at  higher
plasticizer concentrations,  the overall  morphology became sig-
nificantly  rougher  and  more  irregular.  This  micro-morphologi-
cal change reflects the transformation of the material from brit-
tle  to  ductile,  indicating  enhanced  plasticity,  especially  in  the
EACHR and EACHDMR samples.

Conversely,  the  fracture  surface  of  PVC/EACHDR  exhibited
the least change. It  maintains a relatively flat  and featureless
structure even at a high plasticizer content. The density of the
stress-whitening points was significantly lower, and evidence
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Fig.  8    DMA curves of  plasticized PVC samples.  (a)  10 wt%; (b)  20
wt% and (c) 30 wt%.
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of tearing or plastic deformation was scarcely observed, con-
sistent  with  its  inferior  impact  toughness.  The  high-magnifi-
cation image Fig.  10(b) further reveals that PVC/EACHDR has
pores and inhomogeneous structures, especially at high con-
centrations,  which  indicates  that  the  plasticizer  has  under-
gone agglomeration and microphase  separation.  This  obser-
vation  provides  a  direct  microstructural  explanation  for  the
poor mechanical and migration properties of PVC/EACHDR. In
comparison,  the  fracture  surfaces  of  PVC/EACHR30,
PVC/EACHDMR30,  and  PVC/DOTP30  were  uniformly  rough
and densely textured with no obvious signs of phase separa-
tion.  This  morphology  confirms  that  EACHR  and  EACHDMR
have good compatibility and stable dispersion in the PVC ma-
trix, which is consistent with their relatively good overall per-

formance.

Migration and Volatility Resistance
In  addition  to  enhancing  the  mechanical  and  thermal  proper-
ties, plasticized PVC should possess long-term stability and safe-
ty. This requires excellent resistance to plasticizer migration and
volatility.  The corresponding data can be obtained by calculat-
ing according to Eq.  (1).  As  shown in Figs.  11(a)  and 11(b)  and
Table  6,  the  migration  resistance  of  all  plasticizers  decreased
with an increase in the plasticizer content. This might be due to
an  increase  in  concentration.  At  30  wt%,  EACHDMR  exhibited
the lowest mass loss in both solvents, demonstrating a relative-
ly  high  migration  resistance.  EACHR  exhibited  a  similar  migra-
tion performance to DOTP in deionized water, but at a loading
of 30 wt%, the mass loss in n-hexane was slightly higher. Mean-
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Fig. 10    SEM photographs of plasticized PVC samples. (a) 1000x; (b) 3000x.
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while, the migration rate of the EACHDR was always the highest
in deionized water. Notably, the migration behavior of the plas-
ticizers  also  showed  a  significant  solvent  dependence.  Under
the same conditions,  the same plasticizer exhibits different mi-
gration  rates  in  different  solvents,  which  can  be  explained  by
the principle of "like dissolves like" and the solvation parameter
theory: the long alkyl chain part of n-hexane (solubility parame-
ter:  14.9  MPa1/2)[45] has  better  affinity  with  the  plasticizer
molecules, making it easier to extract free plasticizer molecules,
while  polar  water  molecules  (solubility  parameter:  47.9
MPa1/2)[46] have poor  compatibility  with  the  plasticizer  and the
hydrophobic PVC matrix, so the extraction effect is weaker. Un-
der  the  same  solvent  conditions,  this  result  may  not  be  ex-
plained  solely  by  the  molecular  weight,  as  EACHDMR  and

EACHDR  have  similar  molecular  weights.  Instead,  molecular
structure plays a decisive role. The large and symmetrical struc-
ture of EACHDMR provides a greater steric hindrance effect and
may have better compatibility with PVC, thereby effectively an-
choring molecules in the polymer matrix. In contrast, the linear
vicinal diol structure of EACHDR may lead to poorer compatibil-
ity and thus higher mobility, consistent with its performance in
mechanical tests.

Similarly,  in  the  volatility  test  (Figs.  11c and  11d),  the  per-
formance of all synthesized plasticizers was superior to that of
DOTP.  Among  them,  EACHDMR  had  the  lowest  mass  loss
(0.41%)  after  24-h  testing  at  70  °C,  whereas  the  mass  loss  of
PVC/DOTP30 reached 0.91%. The EACHR and EACHDMR per-
formed better  than the EACHDR.  Although a higher molecu-

 

0.02 0.02 0.02

0.45
0.37

0.26

0.13

0.65

0.45
0.34

0.23

0.85

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

EACHR EACHDR EACHDMR DOTP

W
e

ig
h

t 
 lo

ss
 (

%
)

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

W
e

ig
h

t 
 lo

ss
 (

%
)

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

W
e

ig
h

t 
 lo

ss
 (

%
)

Plasticized PVC sample

EACHR EACHDR EACHDMR DOTP

Plasticized PVC sample

EACHR EACHDR EACHDMR DOTP

Plasticized PVC sample

EACHR EACHDR EACHDMR DOTP

Plasticized PVC sample

10%
20%
30%

Deionized water
10%
20%
30%

a

0.12 0.14 0.11
0.18

0.26
0.34

0.52
0.44

0.89

1.37

0.59 0.62

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

W
e

ig
h

t 
lo

ss
 (

%
)

n-hexane b

0.21 0.24
0.28

0.76

0.58

0.79

0.63

1.08

0.62

1.43

0.66

1.21

d

0.16
0.08 0.08

0.56

0.37
0.42

0.32

0.85

0.45

0.73

0.41

0.91

c

10%
20%
30%

24 h

10%
20%
30%

72 h

 
Fig. 11    Test results of migration and volatility tests: (a) in deionized water; (b) in n-hexane; (c) in 24 h; (d) in 72 h.

 

Table 6    Migration and volatility test data of plasticized PVC samples.
 

Mass loss Sample Hexane 48 h Deionized water 48 h
Volatility resistance

24 h 72 h

PVC/DOTP10 0.18 0.45 0.56 0.76
PVC/DOTP20 0.44 0.65 0.85 1.08
PVC/DOTP30 0.62 0.85 0.91 1.21

PVC/EACHR10 0.12 0.02 0.16 0.21
PVC/EACHR20 0.26 0.37 0.37 0.58
PVC/EACHR30 0.89 0.26 0.45 0.62

PVC/EACHDR10 0.14 0.02 0.08 0.24
PVC/EACHDR20 0.34 0.26 0.42 0.79
PVC/EACHDR30 1.37 0.34 0.73 1.43

PVC/EACHDMR10 0.11 0.02 0.08 0.28
PVC/EACHDMR20 0.52 0.13 0.32 0.63
PVC/EACHDMR30 0.59 0.23 0.41 0.66
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lar weight usually indicates lower volatility, when the molecu-
lar weights are similar, EACHDMR performs better than EACH-
DR, further highlighting the importance of molecular design.
In summary, EACHDMR demonstrated outstanding and com-
prehensive  durability,  exhibiting  significantly  lower  migra-
tion and volatility than the commercial  benchmark DOTP. Its
performance  surpasses  that  of  the  structural  analogs  EACHR
and EACHDR. Its outstanding stability is directly attributed to
the  "flexible-rigid-polar"  molecular  design,  especially  the  ef-
fective  application  of  cyclohexanedimethanol-derived
aliphatic rings.

Analysis of Plasticizing Efficiency
To  further  compare  the  effects  of  plasticizers,  a  series  of  PVC
samples  containing  equal  molar  amounts  of  plasticizers  was
prepared  in  this  study  (Table  7).  The Tg reduction  range  of  Tg

was determined by DMA, and the plasticizing efficiency of each
plasticizer was quantitatively evaluated (Fig. 12).

The  glass  transition  temperature  (Tg)  shows  a  clear  order
(Table  8):  PVC/mEACHDMR(73.88  °C)<PVC/mEACHDR(75.16
°C)<PVC/mDOTP(76.31  °C)≈PVC/mEACHR(76.38  °C).  The  rela-
tive  plasticizing  efficiency  was  calculated  based  on  DOTP
(100%)  Eq.  (3).  EACHR  showed  comparable  efficiency
(99.41%), whereas EACHDR and EACHDMR exhibited superior
efficiencies  of  109.81%  and  120.73%,  respectively,  outper-
forming DOTP at 9.81% and 20.73%, respectively.

EΔTg(%) = ΔTg

ΔTg,DOTP
× 100% (3)

This  performance  may  be  attributed  to  molecular  design.
Although both EACHDR and EACHDMR are symmetrical struc-
tures containing polar groups, the cyclohexane substituent in
EACHDMR  has  a  methylene  spacer  group.  This  structure  en-
dows  the  molecular  chain  with  higher  conformational  de-
grees  of  freedom  and  movement  capabilities,  thereby  more
effectively inserting into the PVC chain and enhancing plasti-
cizing efficiency.

Yellowing Index
To directly assess the ability of the synthesized plasticizers to in-
hibit the dehydrochlorination reaction of PVC, the yellowing in-
dex (Δb*) was measured for all the samples after they were ther-
mally aged at 120 °C for a certain period of time, as shown in Fig.
13.[47,48] The unplasticized PVC exhibited the most severe color
change,  with  Δb* reaching  12.3  after  190  min  of  aging,  which
was due to the rapid formation of conjugated diene sequences
through the self-catalytic  dehydrochlorination reaction.  In con-
trast,  the  Δb* values  of  all  the  plasticized samples  were  signifi-
cantly reduced, confirming the stabilizing effect of the plasticiz-
ers.  As shown in Fig.  13,  pure PVC exhibited evident yellowing
within  50  min before  aging,  indicating that  the  dehydrochlori-
nation  reaction  was  initiated  rapidly.  After  adding  plasticizers,
the yellowing phenomenon of the composite materials was al-
leviated to varying degrees, with the sample containing 10 wt%
DOTP  showing  a  relatively  weaker  inhibitory  effect.  When  the
plasticizer  mass  fraction  was  10%,  the  EACHDMR-plasticized
samples  showed  the  lowest  Δb* values  at  all  time  points,  indi-
cating a strong inhibitory effect on dehydrochlorination. This re-
sult  may  be  attributed  to  the  interaction  between  the  epoxy
groups  in  the  EACHDMR  molecule  and  the  active  chlorine
atoms on the PVC chain, which effectively delays dehydrochlo-
rination.

As the mass fraction of  the plasticizer  increased from 10%
to  30%,  the  Δb* value  of  each  sample  showed  an  overall
downward  trend,  indicating  that  the  increase  in  plasticizer
concentration  further  enhanced  the  inhibitory  effect  on  the
dehydrogenation  of  hydrogen  chloride,  demonstrating  a
clear  dose-dependent  relationship.  At  a  fixed  aging  time
point of 190 min, the yellowing of pure PVC was the most se-
vere,  and  in  the  early  stage  of  50  min,  the  samples  with
EACHDMR  plasticization  showed  significantly  lower  Δb* val-
ues than the other samples, proving that it could exert an ef-
fective inhibitory effect in the early stage of aging. This early
inhibitory  behavior  is  consistent  with  the  observation  of  re-
duced  early  mass  loss  in  thermogravimetric  analysis,  further
verifying  the  chemical  stability  of  the  epoxy  groups  against
the dehydrogenation of hydrogen chloride.

Structure-property Relationships and Design
Principles
The above data show a comprehensive performance sequence
of  EACHDMR>EACHR>EACHDR.  This  may  be  attributed  to  the

 

Table 7    Formulations for plasticized PVC samples (molar amount of plasticizer 0.01mol).
 

Sample Name PVC EACHR EACHDR EACHDMR Stabilizer

PVC/mDOTP 100 / / / 2
PVC/mEACHR 100 4.38 / / 2

PVC/mEACHDR 100 / 7.78 / 2
PVC/mEACHDMR 100 / / 8.06 2

Note: Unit g, “/” means not added.

 

Table 8    Analysis of plasticizing efficiency data for plasticized samples
(equimolar amount).
 

Sample Tg (°C) ΔTg (°C) EΔTg (%)

PVC 88.03 0 /
PVC/mDOTP 76.31 11.72 100.00

PVC/mEACHR 76.38 11.65 99.41
PVC/mEACHDR 75.16 12.87 109.81

PVC/mEACHDMR 73.88 14.15 120.73
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Fig.  12    DMA  curves  of  PVC  samples  plasticized  with  equimolar
plasticizer content.
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influence  of  specific  molecular  structures  and  substitution
modes.[42]

EACHDMR,  bearing two hydroxymethyl  groups (―CH2OH)
on the cyclohexane ring, exhibited the most balanced and su-
perior  performance.  Its  symmetric  structure  and  extended,
flexible ―CH2― spacers  between  the  rigid  core  and  ester
linkages  are  important.[49,50] This  configuration  may  enable

the molecule to form an optimal conformation that considers
both steric hindrance and compatibility. Its large-volume core
can  effectively  separate  the  PVC  chains  to  inhibit  migration.
The ―CH2― spacer and epoxy groups provide the necessary
flexibility and polarity,  enabling uniform interaction with the
polymer  matrix  and  promoting  chain  mobility,  thereby
achieving the highest plasticizing efficiency and durability.
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Fig. 13    Thermal aging behavior of pure PVC and plasticized PVC samples at 120 °C. (a) Optical images of samples taken at different time intervals;
(b–d) Δb* value (yellow-blue coordinate) as a function of aging time for samples with plasticizer contents of 10 wt% (b), 20 wt% (c), and 30 wt% (d);
(e) Comparison of Δb* values after aging for 190 min.
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In  contrast,  EACHR  demonstrates  outstanding  plasticizing
ability  owing  to  the  direct  connection  of  a  single  hydroxyl
group  (―OH)  on  its  ring,  but  its  anti-migration  property  is
slightly  reduced  compared  to  EACHDMR.  This  asymmetric
structure  can  enhance  its  ability  to  be  inserted  into  the  PVC
chains,  thereby  explaining  its  high  efficiency.  However,  their
smaller rigid dimensions and lower symmetry may offer poor-
er resistance to migration, which represents a delicate trade-
off in the design structure.

The  performance  of  the  EACHDR  highlights  a  critical  de-
sign limit. Although it contains a cyclohexane ring, its two hy-
droxyl groups (―OH) are attached directly to the ring in a vic-
inal (1,4-) configuration. This may result in the formation of a
highly polar and conformally restricted region. We posit that
this  strong  polarity  might  lead  to  poor  dispersion  in  regions
with  lower  polarity  within  the  PVC  matrix,  thereby  reducing
overall  compatibility.[51] In  addition,  the  lack  of  flexible
―CH2― spacers  may  limit  the  ability  of  the  molecule  to  ef-
fectively screen PVC dipole-dipole interactions in a larger vol-
ume, restrict its plasticizing effect, and make it more prone to
migration.

From  this  analysis,  possible  guiding  principles  for  the
molecular design of sustainable plasticizers emerge: (1) a bio-
derived, alicyclic rigid core as an effective and non-toxic sub-
stitute for benzene rings mainly enhances stability by endow-
ing steric  hindrance.  (2)  The  specific  functionalization  of  this
core  is  a  key  determinant  of  the  overall  performance.  A  bal-
ance  among  optimizing  the  steric  bulk,  molecular  flexibility,
and  polarity  is  indispensable.  This  not  only  requires  a  core
structure  but  also  regulates  its  interaction  with  the  polymer
matrix by choosing the appropriate substituents.

CONCLUSIONS

This  study  validates  a  novel  molecular  design  strategy  for  bal-
ancing performance and sustainability. Based on the synergistic
integration of a bio-derived cyclohexane rigid core, flexible non-
edible  ricinoleic  acid  (RA)  backbone,  and  epoxy  groups,  this
strategy was effectively implemented in the synthesis of plasti-
cizers. The best plasticizer, EACHDMR, is a prime example of this
design with an overall performance comparable to or even sur-
passing  that  of  the  commercial  benchmark  dioctyl  terephtha-
late (DOTP). Notably, it  exhibits excellent plasticizing efficiency,
good resistance to migration and volatilization, and good ther-
mal stability. Its incorporation into PVC delivered enhanced me-
chanical properties, increasing the elongation at break by more
than 50-fold and the notched impact strength by more than 35-
fold,  while  lowering  the  glass  transition  temperature  by  30%.
Mechanistically,  this  performance  stems  from  the  synergy  be-
tween the three design elements.  The steric  hindrance provid-
ed  by  the  rigid  cyclohexane  skeleton  inhibited  migration.  The
polar interaction of epoxy groups and the flexible synergistic ef-
fect provided by the long-chain structure jointly enhance com-
patibility and chain mobility. Therefore, this work not only pro-
vides alternative solutions for petroleum-based plasticizers, but
also offers some references for the molecular design of sustain-
able plasticizers.
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