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Abstract   The concurrent realization of high adhesion strength, biodegradability, and solvent-free processing in hot-melt adhesives (HMAs) is a

persistent  material  design  challenge.  This  study  reports  a  gas-solid  phase  chlorosulfonation  of  poly(propylene  carbonate)  (PPC)  with  sulfuryl

chloride, which installs polar functional groups while inducing controlled main-chain degradation, yielding chlorosulfonated PPC (CSPPC) with

precisely tunable molecular weights. This dual chemical modification synergistically enhanced both interfacial adhesion and cohesive strength.

The optimized CSPPC-35 ( =35 kg/mol) achieves a single lap shear adhesion of 6.35 MPa on stainless steel, a peel strength of 131 N/cm, and

durable adhesion of 99 h, exhibiting a transition from interfacial to cohesive failure attributed to a balanced viscoelastic state (G′≈G″≈105 Pa). Sub-

sequent chain extension with poly(butylene adipate-co-terephthalate) (PBAT)/4,4′-diphenylmethane diisocyanate (MDI) further elevates the ad-

hesion strength to 14.23 MPa. Systematic rheological studies revealed that a narrow molecular weight window (30–35 kg/mol) of CSPPC is essen-

tial  for  balancing  elastic  recovery  and  viscous  dissipation.  This  study  circumvents  the  conventional  HMA  paradigm  reliant  on  small-molecule

polymerization by leveraging chlorosulfonation as a dual-functional post-polymerization modification of CO2-derived PPC, concurrently intro-

ducing polar functionalities and inducing controlled main-chain scission to enable simultaneous polarity enhancement and molecular weight

tuning. This strategy establishes the CSPPC as a scalable platform for sustainable, high-performance CO2-derived HMAs.
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INTRODUCTION

Hot-melt  adhesives  (HMAs)  are  thermoplastic  polymer  materi-
als that remain solid at room temperature, are applied in molten
form  following  thermal  activation,  and  achieve  rapid,  cohesive
bonding  upon  cooling  and  solidification.[1,2] HMAs  are  exten-
sively  employed  across  industrial  sectors,  including  packing,
electronics,  construction,  healthcare,  and  wood-based  sand-
wich panel manufacturing. However, most HMAs currently em-
ployed  in  industrial  applications  are  synthesized  from
petroleum-derived polymers, including polyurethanes,[3−6] poly-
olefins,[7,8] and  polyamides.[9,10] High-strength  variants  typically
depend  on  the  irreversible  crosslinking  mechanism  in  ther-
mosetting  resins[11] or  dynamic  covalent  network  in  thermo-

plastic  systems.[12] Thermosetting HMAs exhibit  permanent co-
valent  network  architectures  and  intrinsic  resistance  to
biodegradation, rendering them environmentally persistent fol-
lowing  disposal.[13] Consequently,  their  accumulation  exerts
persistent  ecological  pressure  and  poses  significant  challenges
to environmental sustainability and end-of-life management.[14]

Conversely,  conventional thermoplastic resins have intrinsically
limited adhesion strength and long-term durability.[15] This fun-
damental  incompatibility  with  green  manufacturing  principles
and circular  economy paradigms underscores the urgent need
to  develop  sustainable,  functionally  competitive
alternatives.[16,17] In  recent  years,  intensified  research  efforts
have been directed toward the development of bio-based,[18−20]

biodegradable  HMAs  to  address  sustainability  challenges.  No-
tably,  syndiotactic-rich  poly(3-hydroxybutyrate)  exhibits  adhe-
sion strengths surpassing those of its petroleum-based counter-
parts, achieving single-lap shear strengths exceeding 30 MPa in
wood  bonding  applications.[21] These  advancements  demon-
strate  that  biodegradability  and  high  performance  are  critical
for  sustainable  HMAs.[22−24] Nevertheless,  developing
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biodegradable  HMAs  that  simultaneously  deliver  robust  me-
chanical properties and environmental compatibility via simple,
scalable,  and cost-effective  processes,  without  relying on com-
plex  synthesis,  remains  a  critical  challenge  for  both  academia
and industry.[25−28]

Poly(propylene  carbonate)  (PPC)  is  a  biodegradable  poly-
mer[29] synthesized via the  alternating  copolymerization  of
carbon  dioxide  and  propylene  oxide.[30,31] It  exhibits  a  glass
transition  temperature  in  the  range  of  approximately  30–40
°C. However, its practical application is hindered by several in-
herent  limitations,  including poor  thermal  stability  at  elevat-
ed  temperatures,  pronounced  low-temperature  brittleness,
and  inferior  surface  affinity.[32] Furthermore,  the  intrinsically
low cohesive strength of PPC results in a weak adhesive per-
formance, significantly restricting its broader adoption in ad-
hesive applications.  In previous studies,  chlorine atoms were
introduced  onto  PPC  molecular  chains  through  gas-solid
phase  chlorination  to  yield  chlorinated  PPC  (CPPC),[33−35] en-
dowing  the  polymer  with  intrinsic  adhesive  functionality
while retaining its biodegradability for HMA applications. The
resultant  CPPC  achieved  a  wood-bonding  shear  strength  of
up  to  7.4  MPa,[29] exceeding  that  of  conventional  ethylene-
vinyl  acetate-based  HMAs.  To  further  improve  performance,
CPPC  was  subsequently  chain-extended,  yielding  HMA  for-
mulations  with  enhanced  cohesive  strength  and  markedly
improved water resistance.[35]

Moreover, polar functionalities, specifically sulfur and chlo-
rine  atoms,  were  introduced  onto  PPC  chains via a  liquid-
solid phase chlorosulfonation to synthesize chlorosulfonated
PPC  (CSPPC)  for  pressure-sensitive  adhesive  (PSA)  applica-
tions.[36] The resultant CSPPC exhibited a peeling strength of
4.4  N/cm,  marginally  surpassing  that  of  commercial  Duct
Tape®  (3M  2929)  at  4.1  N/cm.[37] Unlike  these  studies,  which
targeted PSAs functioning at  room temperature,  the present
work  focuses  on  hot-melt  adhesives  and,  for  the  first  time,
systematically establishes the structure and property relation-
ship  between  the  molecular  weight  of  CSPPC  and  its  adhe-
sion  performance  while  effectively  mitigating  the  degrada-
tion issue caused by residual low-molecular-weight fractions,
ensuring the long-term stability required for practical applica-
tions.  Furthermore,  an  optimal  molecular  weight  window  is
identified which provides a definitive design criterion absent
in the previous works.

This study circumvents the conventional HMA paradigm re-
liant on small-molecule polymerization, instead of leveraging
chlorosulfonation  as  a  dual-functional  post-polymerization
modification  of  CO2-derived  PPC.  This in  situ transformation
concurrently  introduces  highly  polar  functionalities  and  in-
duces  controlled main-chain scission,  enabling simultaneous
polarity  enhancement  and  precise  molecular  weight  tuning.
The  structure-property  relationships  among  the  CSPPC
molecular  weight,  chlorine/sulfur  content,  and adhesive per-
formance  were  systematically  elucidated.  By  integrating  the
bulk  tensile  mechanical  properties  with  dynamic  rheological
data, the underlying mechanism governing how the molecu-
lar chain architecture intrinsically dictates the ultimate perfor-
mance of HMAs was further revealed. Using CSPPC as a versa-
tile precursor, a series of HMAs were synthesized via chain-ex-
tension  reactions,  demonstrating  consistently  high  bonding

strengths across diverse substrates and multiple chain-exten-
der chemistries. These results validate CSPPC as a robust, gen-
eral-purpose precursor for high-performance HMAs.

EXPERIMENTAL

Materials
PPC  was  obtained  from  the  Changchun  Institute  of  Applied
Chemistry  (Changchun,  China).  SO2Cl2 and  4,4′-diphenyl-
methane diisocyanate (MDI) were purchased from Macklin Bio-
chemical  Technology Co.,  Ltd.  (Shanghai,  China).  Poly(butylene
adipate-co-terephthalate) (PBAT) was supplied by Sida Polymer
Materials  Company  (Chengdu,  Sichuan,  China).  Polycaprolac-
tone  (PCL)  was  obtained  from  Solvay  (PCL-6500).  All  the  pur-
chased chemicals were used as received without further purifi-
cation.

Sample Preparation

Preparation of CSPPC
CSPPCs were synthesized via a gas-solid phase reaction method
without any catalyst. PPC powder and SO2Cl2 at different molar
ratios were added to the two three-necked flasks. The tempera-
ture of the vaporization unit was set at 110 °C, the reaction unit
was maintained at 90 °C, and the chlorosulfonation reaction was
carried  out  for  120  min.  After  reaction,  the  samples  were  re-
moved and cooled to room temperature. Based on the molecu-
lar weight differences of the obtained CSPPCs, they were desig-
nated as CSPPC-54, CSPPC-49, CSPPC-35, CSPPC-30, and CSPPC-
14,  respectively.  The  products  were  purified  by  dissolution
(trichloromethane)  followed  by  recrystallization via the  drop-
wise addition of ethanol.

Preparation of CSPPC-PBAT
According to different weight ratios, CSPPC and PBAT powders
together with a certain amount of the chain extender MDI were
introduced  into  a  torque  rheometer  (XSS-300,  Shanghai  Ke
Chuang rubber and plastic machinery equipment Co., Ltd., Chi-
na)  to  induce  the  chain  extension  reaction.  A  mixture  of  the
three components was compounded at 140 °C for 5 min. After
the reaction, the product was removed from the rheometer and
allowed to  cool  naturally  to  room temperature  under  ambient
conditions. The purification procedure was as follows: the prod-
uct was first  dissolved in trichloromethane,  followed by recrys-
tallization via the dropwise addition of ethanol. Using the same
procedure, the reaction of CSPPC with MDI and the chain exten-
sion reactions of CSPPC with PPC, CPPC, and PCL were also per-
formed.

CSPPC Characterization

Fourier transform infrared spectroscopy (FTIR)
Fourier  transform infrared spectroscopy (FTIR,  Bruker  Tensor  II)
was  used  to  characterize  the  structure  of  the  CSPPC.  Purified
CSPPC  samples  were  hot-pressed  into  thin  films,  and  spectra
were  collected  in  transmission  mode  with  32  scans  over  a
wavenumber range of 400–4000 cm–1 at a resolution of 8 cm–1.
CSPPC-PBAT,  CSPPC-PCL,  CSPPC-PPC,  CSPPC-MDI,  and  CSPPC-
CPPC were tested using the same procedure.

Nuclear magnetic hydrogen spectroscopy (1H-NMR)
Purified CSPPC samples  were characterized using a  Bruker  400
MHz  nuclear  magnetic  resonance  spectrometer  at  room  tem-
perature with CDCl3 as the solvent and tetramethylsilane (TMS)
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as the internal standard.

Thermogravimetric analysis (TGA)
TGA  of  CSPPC  samples  was  performed  using  a  Netzsch  TG
209F1  thermal  analyzer  (Germany).  The  measurements  were
carried  out  under  a  nitrogen  atmosphere  by  heating  the  sam-
ples from 30 °C to 600 °C at a heating rate of 10 °C/min.

Differential scanning calorimetry (DSC)
The glass transition temperature was determined using a differ-
ential scanning calorimeter (DSC 204F1, Netzsch, Germany) un-
der a nitrogen atmosphere. The measurement procedure was as
follows:  the  sample  was  first  heated  from –70  °C  to  50  °C  at  a
heating  rate  of  10  °C/min,  held  at  50  °C  for  3  min,  and  then
cooled to –50 °C at the same rate; subsequently, a second heat-
ing scan was performed from –70 °C to 50 °C at 10 °C/min, fol-
lowed by another isothermal step for 3 min,  and finally cooled
to –70 °C. Based on the data from the second heating cycle, the
thermal properties such as the glass transition temperature and
crystallization  temperature  were  analyzed,  thereby  obtaining
the corresponding thermal transition information.

Gel permeation chromatography (GPC)
The  relative  molecular  weights  and  distributions  of  the  CSPPC
samples  were  determined  using  gel  permeation  chromatogra-
phy  (GPC,  Waters  Alliance  2695).  Tetrahydrofuran  was  used  as
the  mobile  phase  at  a  flow  rate  of  1  mL/min,  and  the  column
temperature was set to 30 °C.

Elemental analysis
The  chlorine  content  of  the  CSPPC  was  determined  using  a
Dionex ICS-6000 ion chromatography system (Thermo Scientif-
ic, USA), while the sulfur content was determined using a Vario
EL Cube elemental analyzer (Elementar, Germany).

Single lap shear strength
The bonding strength was determined by single-lap shear tests.
According  to  ASTM  D3165-07,  the  strength  was  evaluated  us-
ing an M204C universal  testing machine at  25 °C and a  tensile
rate of 10 mm/min. The lap joint consisted of two stainless steel
substrates (dimensions: 20 mm × 85 mm; overlap area: 20 mm ×
15 mm) with the sample placed between the two plates. Prior to
testing, the joint was heated in a constant-temperature oven at
90 °C for 5 min, then removed and allowed to cool naturally to
room temperature. A contact pressure of approximately 1.2 MPa
was applied between the substrates by using two butterfly clips
(32 mm). The reported results represent the average of the five
tested specimens. Using the same method, the single lap shear
strength  of  CSPPC  on  interfaces  such  as  aluminum,  walnut
wood, and bamboo was tested.

For  the  chain-extended  samples  using  CSPPC  as  the  base
material,  prior  to testing,  the joint was heated in a constant-
temperature oven at 140 °C for 5 min,  then removed and al-
lowed to cool naturally to room temperature. A contact pres-
sure of approximately 1.2 MPa was applied between the sub-
strates by using two butterfly clips (32 mm). The reported re-
sults  represent  the  average  of  five  specimens.  CSPPC-MDI,
CSPPC-PCL,  CSPPC-PPC,  and  CSPPC-CPPC  were  tested  using
the  same  procedure.  Using  the  same  method,  the  single  lap
shear  strength  of  CSPPC-PBAT  on  interfaces  such  as  alu-
minum, walnut wood, and bamboo was tested.

Mechanical properties
According to the GB/T 1040.1-2006 standard, tensile tests were

conducted on the CSPPC samples using an Instron 1121 materi-
al testing machine to evaluate their mechanical properties. The
tests  were  performed  at  25  °C  at  a  tensile  rate  of  50  mm/min.
The specimens were dumbbell-shaped, with a total length of 75
mm,  narrow  section  width  of  4  mm,  and  thickness  of  2  mm.
CSPPC-PBAT were tested using the same procedure.

Rheological tests
The  rheological  properties  of  the  CSPPC  samples  were  charac-
terized using a parallel-plate rheometer (MCR-503, Anton Paar).
The measurements were performed in oscillatory mode with a
strain amplitude of 1%. Frequency sweep tests were conducted
at 120 °C over a range of 0.01–100 Hz, while temperature sweep
tests were carried out from 30 °C to 120 °C. Using the same pro-
cedure,  temperature  sweep  tests  of  the  CSPPC-PBAT  samples
were carried out over a temperature range of 30–140 °C.

180° peeling test
According  to  the  ASTM  D3330-04  standard,  a  PET  film  coated
with CSPPC (width 2.5 cm) was adhered to a stainless steel plate
surface using a 2 kg roller. The peel strength of the CSPPC was
measured  using  an  electronic  peel  tester  (model  BLD-200,  Lab
Think, China) at a peeling rate of 300 mm/min. The reported re-
sults represent the average of three parallel tests.

Shear resistance test
According  to  the  ASTM  D3654-06  standard,  a  PET  film  coated
with CSPPC (width 2.5 cm) was adhered to a stainless-steel plate
surface  with  a  contact  area  of  25  mm  ×  25  mm  using  a  2  kg
roller. Subsequently, a 1 kg weight was suspended from the free
end of the film at 25 °C. The shear holding time is defined as the
duration  during  which  the  CSPPC  can  withstand  the  load.  The
reported results represent the average of three parallel tests.

RESULTS AND DISCUSSION

Synthesis and Structural Characterization of CSPPC
with Well-defined Structure
In  this  study,  five  CSPPC  samples  with  gradient  molecular
weights were synthesized by precisely regulating the molar ra-
tio  of  PPC  to  sulfuryl  chloride  and  employing  a  two-step  "sul-
furyl  chloride  vaporization  gas-solid  phase  chlorosulfonation"
reaction protocol. The feed molar ratios, measured number-av-
erage  and  weight-average  molecular  weights,  glass  transition
temperatures (Tg), and chlorine and sulfur elemental contents of
each batch are summarized in Table 1.

Mn

Mn

Mn

As shown in Table 1,  with increasing sulfuryl  chloride feed
molar  ratio,  the  number-average  molecular  weight  ( )  and
chlorine  content  of  the  CSPPC  decreased  monotonically,
whereas the sulfur content followed a non-monotonic trend,
declining initially  and subsequently increasing.  This  observa-
tion reflects  a  dosage-dependent  transition in  the prevailing
reaction  pathway  governed  by  the  sulfuryl  chloride  concen-
tration.  At  low  feed  ratios  of  sulfuryl  chloride  (1:25,  PPC:
SO2Cl2),  chlorination  and  sulfonation  occurred  predominant-
ly via electrophilic  substitution  on  the  PPC  backbone,  with
negligible  chain degradation and consequently  only  modest
reductions in . In contrast, at high feed molar ratios (1:100),
excess sulfuryl chloride drives extensive backbone scission of
PPC, leading to a pronounced decrease in  and the forma-
tion of volatile or low-molecular-weight degradation byprod-
ucts that are deficient in both chlorine and sulfur, resulting in
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lower  measured  bulk  elemental  contents.  Notably,  the  syn-
thesis  of  CSPPC  differs  fundamentally  from  the  step-growth
polymerization  of  monomeric  precursors  characteristic  of
conventional  HMAs.  Instead,  the  two  competing  reactions
proceed concurrently.  A substitution reaction introduces po-
lar functionalities (chlorine and sulfur moieties), and a degra-
dation reaction induces main-chain scission of the PPC back-
bone.  Consequently,  for  HMA  applications,  a  moderate  sul-
furyl chloride feed molar ratio enables the synthesis of CSPPC
exhibiting both sufficiently elevated molecular weight to con-
fer  cohesive  strength  and  enhanced  polar  moiety  density  to
promote interfacial adhesion.

The chemical  structures  of  the as-synthesized CSPPC sam-
ples  were  characterized  by  FTIR  and 1H-NMR  spectroscopy.
The FTIR spectrum (Fig. 1a) reveals the emergence of new ab-
sorption bands at 1347 and 740 cm–1, attributable to the sym-

metric  stretching  vibrations  of  the  O＝S＝O  and  the  C―Cl
stretching  vibration,  respectively,  confirming  the  successful
chemical  modification  of  PPC  by  sulfuryl  chloride.  The 1H-
NMR spectrum (Fig. 1b) exhibits three new resonance signals
at δ=4.85, 4.55, and 4.05 ppm, which are assigned to the me-
thine  and  methylene  protons  of ―CH(SO2Cl)x1Clᵧ1 and
―CH2(SO2Cl)x2Clᵧ2 structural units, respectively. These assign-
ments  confirmed  that  CSPPC  was  the  predominant  product
arising from the electrophilic substitution of hydrogen atoms
along the PPC backbone. Additionally, the signal correspond-
ing to the terminal methyl protons (peak 4, Fig. 1b) at δ=1.50
ppm exhibits  markedly  enhanced intensity  in  CSPPC relative
to pristine PPC, indicating that chain scission of the PPC back-
bone  occurs  concomitantly  with  the  chlorosulfonation  reac-
tion.  Therefore,  these spectroscopic findings corroborate the
successful  chlorosulfonation  of  PPC  and  demonstrate  that

 

Table 1    Molecular weight characteristics, chlorination and sulfonation content and Tg of PPC and CSPPC.
 

Sample
The molar ratio of

PPC:SO2Cl2 Mn  (kg/mol) Mw  (kg/mol) PDI Cl content
(wt%)

S content
(wt%)

Tg (°C)

PPC 0 60 148 2.46 0 0 36
CSPPC-1 1:25 54 109 2.01 3.27 0.250 10
CSPPC-2 1:37.5 49 82 1.67 3.00 0.195 8
CSPPC-3 1:50 35 68 1.94 1.44 0.185 4
CSPPC-4 1:75 30 44 1.46 0.72 0.210 –2
CSPPC-5 1:100 14 25 1.78 0.60 0.445 –5
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Fig.  1    (a)  FTIR  spectra  of  PPC and CSPPC-35;  (b) 1H-NMR spectra  of  PPC and CSPPC-35;  (c)  TGA thermograms of  PPC and CSPPC with  different
molecular weights; (d) DSC curves of the second heating melting process of PPC and CSPPC with different molecular weights.
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this  chemical  modification  is  accompanied  by  a  controlled
main-chain degradation.

Mn

The  thermal  stability  of  the  PPC  and  CSPPC  samples  was
evaluated  using  TGA  and  DSC.  TGA  was  employed  to  assess
the decomposition profiles and onset temperatures (Fig.  1c),
while DSC was used to determine Tg and detect any thermal
transitions indicative of  degradation (Fig.  1d).  As depicted in
Fig.  1(c),  CSPPC  exhibits  a  markedly  reduced  thermal  degra-
dation  temperature  relative  to  pristine  PPC,  dropping  from
291  °C  to  as  low  as  197  °C  with  the  magnitude  of  decrease
correlating  strongly  with  the  extent  of  molecular  weight  re-
duction.  These  findings  indicate  that  chlorosulfonation
severely undermines the thermal stability of PPC and that the
degree of destabilization is directly governed by the extent of
polymer chain scission. As presented in Fig. 1(d) and summa-
rized in Table 1, Tg of CSPPC decreases monotonically from 10
°C to −5 °C as the number-average molecular weight ( ) de-
creases from 54 kg/mol to 14 kg/mol. In contrast, pristine PPC
exhibited a Tg of 36 °C. This pronounced Tg depression arises
from  a  combination  of  main-chain  degradation  and  side-
group  plasticization,  with  the  effect  of  scaling  inversely  pro-
portional to the degree of polymerization.

Overall,  FTIR  and 1H-NMR  analyses  confirmed  the  success-
ful synthesis of the CSPPC samples with well-defined molecu-
lar  weights.  Thermal  characterization  indicated  that  chloro-
sulfonation  substantially  compromised  the  thermal  stability
of PPC and resulted in a concomitant reduction in Tg. Crucial-
ly,  this  scission  is  not  merely  a  side  effect  but  a  tunable  pa-
rameter.  By  precisely  balancing the extent  of  chain  cleavage
against the degree of polar group incorporation (e.g., ―SO2Cl
and ―Cl),  the  cohesive  energy  density  and  interfacial  adhe-

sion  capability  of  CSPPC  can  be  rationally  engineered  at  the
molecular  level.  This  dual-parameter  control  enables  the  tai-
loring  of  CSPPC’s  thermomechanical  profile,  thereby  estab-
lishing a robust structural and performance basis for its use as
a high-performance HMA precursor.

The Relationship between Adhesive Performance of
CSPPC and Its Bulk Mechanical Properties and
Rheological Behavior

Mn

To evaluate the feasibility of CSPPC as a high-performance HMA
precursor,  this  section  evaluates  its  adhesive  and  mechanical
properties,  focusing  on  how  the  molecular  structure  governs
the lap shear strength on stainless steel substrates. Specifically,
the  correlations  between  the  number-average  molecular
weight, combined content of chlorine and sulfur, and adhesive
performance were examined to establish the molecular design
criteria required for optimizing the cohesive strength and inter-
facial  adhesion  (Fig.  2).  The  nomenclature  of  CSPPC  follows  a
systematic  convention  wherein  distinct  designations  corre-
spond to specific ranges of .

Mn

Mn

As  illustrated  in Fig.  2(a),  the  single-lap  shear  strength  of
CSPPC exhibits a non-monotonic dependence on , increas-
ing initially  and subsequently  decreasing upon further  chain
shortening.  All  CSPPC  samples  underwent  cohesive  failure
within the adhesive layer when bonded to stainless-steel sub-
strates  (Fig.  2b;  representative  image  shown  for  CSPPC-35).
The  optimal  adhesive  performance  was  achieved  by  CSPPC-
35  ( =35  kg/mol),  which  exhibited  a  maximum  single  lap
shear strength of 6.35 MPa at chlorine and sulfur contents of
1.44 wt% and 0.185 wt%, respectively (Figs. 2a and 2c).

Notably,  the  CSPPC-35  sample  exhibited  cohesive  failure
when bonded to a stainless-steel substrate, indicating that in-
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Fig. 2    (a) Single lap shear strength of CSPPC on stainless steel substrates; (b) Failure modes of PPC and CSPPC-35 at the stainless steel substrate
interface; (c) Relationship between CSPPC with different molecular weights and elastic modulus (cohesive component) as well as total chlorine and
sulfur content (polarity component); (d) Elongation at break, (e) tensile strength, and (f) elastic modulus of CSPPC with different molecular weights.
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Mn

terfacial adhesion exceeded the internal cohesive strength of
the polymer matrix. In contrast, pristine PPC ( =60 kg/mol)
failed at the metal-adhesive interface (Fig. 2b). This transition
from  interfacial  failure  in  pristine  PPC  to  cohesive  failure  in
the optimized CSPPC sample provides  definitive  evidence of
robust  interfacial  bonding and represents  a  critical  prerequi-
site  for  high-performance  adhesive  systems.  Moreover,  this
transition is further corroborated by the tensile strength and
elastic  modulus  data  presented  in Figs.  2(d)–2(f),  both  of
which  exhibit  a  monotonic  decrease  with  the  decreasing
molecular weight of CSPPC. This inverse correlation between
molecular  weight and bulk mechanical  properties  confirmed
that  the  cohesive  strength  of  the  adhesive  layer  diminished
as  chain  scission  progressed,  thereby  rationalizing  the  ob-
served shift  from cohesive  failure  (at  intermediate  molecular
weights, e.g.,  CSPPC-35,  where  interfacial  adhesion  still  ex-
ceeds  bulk  strength)  to  potential  interfacial  or  mixed  failure
modes at excessively low molecular weight values.

Furthermore,  the  adhesive  performances  of  the  pristine
PPC and CSPPC were systematically evaluated through persis-
tent  adhesivity  and  peel  strength  measurements  (Table  2).
Pristine PPC exhibits negligible peel adhesion on the PET pa-
per film and a holding power of only 2 h under a 1 kg load, re-
flecting its inherently poor cohesive strength and inadequate
interfacial  interaction  with  polar  substrates.  Upon  chlorosul-
fonation,  the adhesive properties were profoundly altered in
a  molecular  weight-dependent  manner.  CSPPC-54  and  CSP-
PC-49  demonstrated  moderate  improvements  in  holding
power (9 and 8 h, respectively) and peeling strength (103 and
98 N/cm), attributable to the introduction of polar chlorosul-
fonyl  groups  that  enhance  substrate  wetting  and  interfacial
adhesion.  Significantly,  CSPPC-35  achieved  an  exceptional

holding power of 99 h and peel strength of 131 N/cm, repre-
senting  the  optimal  balance  between  the  cohesive  strength
and  interfacial  adhesion  within  the  investigated  series.  Con-
versely,  further  reduction  in  the  molecular  weight  to  30  and
14  kg/mol  resulted  in  a  dramatic  deterioration  in  both  the
holding  power  (10  h  and  18  min,  respectively)  and  peel
strength  (60  and  5  N/cm).  The  precipitous  decline  at  low
molecular  weights  is  ascribed  to  insufficient  chain  entangle-
ment and compromised cohesive integrity,  which cannot be
compensated  for  by  the  increased  polarity  of  the  chlorosul-
fonated moieties.

These findings collectively establish that the adhesive per-
formance  of  CSPPC  is  governed  by  a  molecular  weight  win-
dow effect,  wherein an optimal degree of main-chain degra-
dation  during  chlorosulfonation  is  essential  to  achieve  the
requisite viscoelastic balance for high-performance HMA.

To elucidate how the viscoelastic properties of CSPPC with
various molecular weights influence hot-melt adhesive (HMA)
performance,  temperature-sweep  rheological  measurements
were conducted to characterize the evolution of  the storage
modulus  (G′),  loss  modulus  (G″),  and  loss  factor  (tanδ)  as  a
function of temperature for all formulations (Fig. 3). G′ quanti-
tatively reflects the elastic (solid-like) contribution and corre-
lates directly with the cohesive strength, whereas G″ captures
the  viscous  (liquid-like)  response  and  is  empirically  associat-
ed  with  the  interfacial  energy  dissipation  and  bond  forma-
tion  kinetics.[38] High-performance  HMAs  require  not  only
high absolute magnitudes of both G′ and G″, but also a favor-
able G′/G″ ratio  within  the  service  temperature  window,
thereby  enabling  the  synergistic  mechanical  profile  of
“strength  and  adhesion”, i.e.,  robust  internal  integrity  cou-
pled with effective interfacial anchoring.[39]

As shown in Fig. 3(a), pristine PPC exhibits classic viscoelas-
tic  fluid behavior,  and G' and G'' are nearly  equivalent  across
the  measured  temperature  range;  however,  both  moduli  re-
main low in absolute magnitude, indicating insufficient cohe-
sive  strength  and  poor  interfacial  adhesion.  In  contrast,  the
chlorosulfonated  CSPPC  samples  with  molecular  weights
above  35  kg/mol  (Figs.  3b–3d)  display  a  marked  increase  in
both G' and G'' below the softening temperature, despite pro-
gressive  molecular  weight  reduction.  This  counterintuitive
enhancement  demonstrates  that  chlorosulfonation  intro-
duces  polar  functionalities  capable  of  reinforcing both  intra-

 

Table 2    Persistent adhesivity and peel strength of PPC and CSPPC with
different molecular weights.
 

Sample Persistent adhesivity
1 kg weight

Peel strength (N/cm)
PET paper film

PPC 2 h ---
CSPPC-54 9 h 103
CSPPC-49 8 h 98
CSPPC-35 99 h 131
CSPPC-30 10 h 60
CSPPC-14 18 min 5
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chain  cohesion  (via dipole-dipole  interactions  and  potential
crosslinking)  and  interfacial  adhesion  (via polar  interactions
with  substrates),  thereby  achieving  synergistic  improvement
in bulk and interfacial mechanical performance.

MnSignificantly,  CSPPC-35  ( =35  kg/mol)  was  found  to  be
the optimal formulation. Prior to softening, its G' and G'' con-
verge at approximately 1.0×105 Pa, signifying a rare balanced
high  elasticity  and  high  viscous  dissipation,  and  collectively
satisfy  the  dual  rheological  criteria  for  high-performance
HMAs.  This  is  sufficient  melt  strength  for  cohesive  integrity

during application and adequate energy dissipation for inter-
facial  wetting and bond formation. In contrast,  CSPPC-54 ex-
hibited  an  elevated G' but  markedly  suppressed G'' (Fig.  3b),
reflecting excessive elasticity and inadequate energy dissipa-
tion, limiting interfacial wetting and bond formation. CSPPC-
49 showed an improved G'/G'' balance but insufficient modu-
lus  magnitude  overall,  failing  to  deliver  the  required  struc-
tural  integrity  and  adhesive  driving  force.  Below  35  kg/mol
(Figs. 3e and 3f), both G′ and G″ undergo a sharp, irreversible
decline,  falling  well  outside  the  functional  window  for  HMA
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Fig. 3    Temperature sweep curves of PPC and CSPPC at 1% strain. (a) Storage modulus (G') and loss modulus (G'') of PPC; (b–f) Storage modulus (G')
and loss modulus (G'') of CSPPCs; (g) Loss factor (tanδ) of CSPPCs; (h) Viscoelastic processing window of CSPPCs.
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application,  confirming  that  excessive  chain  scission  under-
mines the viscoelastic foundation necessary for effective melt
processing and bond durability.

Moreover,  the  peak  height  of  the  loss  factor  (Fig.  3g)  and
temperature-dependent evolution of  the G'/G''  ratio (Fig.  3h)
collectively confirm that the CSPPC-35 sample exhibits superi-
or  bonding  performance,  high  elasticity,  and  high  viscosity,
and  fully  satisfies  the  characteristic  viscoelastic  behavior  ex-
pected of high-performance HMAs.

The Application of CSPPC as an HMA Precursor
In the previous section, we systematically elucidated the molec-
ular  weight-dependent  structure  and  property  relationships  of
CSPPC as hot-melt adhesive precursors. Rheological analysis re-
vealed  that  CSPPC-35  balances  the  high  elastic  recovery  with
substantial viscous dissipation. This balanced viscoelastic state is
consistent with the observed failure mode transition, from inter-
facial debonding (as observed for pristine PPC) to cohesive fail-
ure within the adhesive layer, indicating that the interfacial ad-
hesion  of  CSPPC-35  has  surpassed  its  own  bulk  cohesive
strength,  thereby  establishing  it  as  a  highly  promising  candi-
date for high-performance hot-melt adhesive applications. Pre-
vious studies have employed PBAT as a second polymer phase
to extend the PPC and chlorinated PPC, thereby enhancing the
cohesive  strength  and  substantially  improving  the  adhesive
performance. Building on these insights, this section further em-
ploys  a  chain-extension  strategy  to  modify  CSPPC-35.  Specifi-
cally,  PBAT reacted with CSPPC (Fig.  4)  to enhance its  bonding
performance  (Fig.  5a)  and  broaden  its  applicability  across  di-
verse  substrate  surfaces  (Fig.  5b).  Concurrently,  to  verify  the
generality of CSPPC as a versatile precursor and to validate the
chain-extension  strategy  itself,  systematic  investigations  were
conducted on CSPPC modified with PBAT, PPC, and PCL (Figs. 4

and 5c). These comparative studies aimed to broaden the appli-
cation scope of CSPPC as a thermoplastic adhesive precursor.

Specifically,  the  adhesion  strength  first  increased  with  in-
creasing  molecular  weight,  peaked  at  CSPPC-35-PBAT,  and
then  declined.  This  behavior  is  consistent  with  the  adhesive
performance of unmodified CSPPC (Fig. 2a), indicating that an
optimal CSPPC chain length exists for balancing the cohesive
integrity  and  interfacial  adhesion  energy  in  the  CSPPC-PBAT
system when deployed as a high-performance HMA. Notably,
the  CSPPC-35-PBAT  conjugate  achieved  a  maximum  single-
lap  shear  strength  of  14.23  MPa  (Fig.  5a),  representing  more
than  a  two-fold  enhancement  over  unmodified  CSPPC-35
(6.35  MPa).  The  well-balanced G′/G″ ratio  of  CSPPC-35-PBAT
shifts  the failure  mode from mixed (cohesive  and interfacial)
toward  predominantly  cohesive  failure,  indicative  of  opti-
mized bulk energy dissipation and suppression of premature
interfacial  debonding.  Conversely,  CSPPC-PBAT  systems  de-
rived  from  molecular  weight  extremes  of  14  and  54  kg/mol
exhibited  substantially  compromised  adhesion,  suggesting
that deviations from the optimal chain length disrupt the syn-
ergistic  balance  between  cohesive  integrity  and  interfacial
wettability requisite for high-performance bonding. Thus, the
PBAT-modified chain extension of CSPPC is an effective strat-
egy for enhancing the adhesion performance of hot-melt ad-
hesives. The molecular weight of the unmodified CSPPC pre-
cursor  remains  the  critical  parameter  governing  the  balance
between  cohesive  strength  and  interfacial  bonding,  thereby
establishing a universal molecular design criterion for CSPPC-
based adhesive platforms.

Furthermore, the single lap shear strengths of pristine PPC,
CSPPC-35,  and  CSPPC-35-PBAT  were  compared  across  four
representative  substrates:  stainless  steel,  aluminum,  walnut
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Fig. 4    The gas-solid phase reaction of PPC with SO2Cl2,  the chain extension reactions of CSPPC with different materials and photographs of the
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wood, and bamboo. As shown in Fig. 5(b), CSPPC-35 and CSP-
PC-35-PBAT  both  exhibited  substantially  superior  adhesion
strengths relative to pristine PPC on all tested substrates, with
performance  further  enhanced  following  PBAT-modified
chain  extension.  Notably,  for  the  two  lignocellulosic  sub-
strates, walnut wood and bamboo, the observed failure mode
was cohesive failure within the substrate bulk, rather than in-
terfacial  debonding  or  adhesive  disruption.  This  behavior
demonstrates  that  the  actual  adhesion  strength  between
CSPPC-35-PBAT and the wood-based materials exceeded the
intrinsic cohesive strength of the substrates themselves. Con-
sequently, the measured single-lap shear strength values rep-
resent  the  lower  bounds  of  the  true  interfacial  adhesion
rather  than  the  absolute  performance  limits.  Although  CSP-
PC-35-PBAT exhibits substrate cohesive failure on both wood
and  bamboo,  the  underlying  interfacial  interaction  mecha-
nisms differ markedly. For wood, which is rich in cellulose and
thus possesses a high surface hydroxyl density, dense hydro-
gen bonds readily form between the substrate and the polar
groups of  CSPPC-35-PBAT.  In  addition,  the loose and porous
structure  of  wood  allows  adhesive  penetration  and  anchor-
ing,  providing  strong  mechanical  interlocking.  However,
bamboo relies mainly on interfacial polar adsorption, van der
Waals  forces  and  dipole  interaction  between  the  polar  ester
groups  of  the  CSPPC-PBAT  adhesives  and  the  bamboo  sur-
face, coupled with the high bulk strength of the adhesive lay-

er itself.  These findings confirm that the CSPPC-PBAT system
possesses  exceptional  interfacial  bonding  capability,  en-
abling  robust  adhesion  across  diverse  polar  and  non-polar
substrates.

To investigate the universality of the aforementioned mod-
ification strategy,  CSPPC-35 was employed as  a  reactive  pre-
cursor  and  blended  with  four  structurally  distinct  polymers
(PPC, PBAT, CPPC, and PCL) in the presence of 5 wt% MDI. De-
tailed  information  regarding  CSPPC-PPC,  CSPPC-CPPC,  and
CSPPC-PCL  is  provided  in  Fig.  S4  (in  the  electronic  supple-
mentary  information,  ESI).  The  single-lap  shear  strengths  of
the  resulting  copolymers  on  stainless-steel  substrates  were
evaluated (Fig.  5c).  All  samples  exhibited high adhesion per-
formance,  including  the  CSPPC-35  self-chain-extended  sys-
tem,  with  values  exceeding  that  of  unmodified  CSPPC-35
(6.35 MPa). These results confirmed that CSPPC can efficient-
ly react with diverse aliphatic and modified polyesters, under-
scoring  its  potential  as  a  versatile  high-performance  HMA
precursor.

This  study  further  evaluated  the  elongation  at  break,  ten-
sile  strength,  and  elastic  modulus  of  CSPPC-PBAT  formula-
tions across a range of CSPPC molecular weights (Figs. 5d–5f).
Relative to pristine PPC, all CSPPC-PBAT samples exhibited di-
minished  elastic  modulus  and  tensile  strength,  but  substan-
tially  enhanced  elongation  at  break.  Specifically,  the  elonga-
tion at break increased systematically with decreasing molec-
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Fig. 5    Adhesion performance of the CSPPC adhesives; (a) Adhesion strength of CSPPC-PBAT hot-melt adhesives to stainless steel substrates; (b)
Adhesion strength of PPC, CSPPC-35 and CSPPC-35-PBAT to various substrates; (c) Single lap shear strength of CSPPC chain-extended/crosslinked
with  PPC,  CPPC,  PCL  at  stainless  steel  interfaces;  (d)  Elongation  at  break,  (e)  tensile  strength  and  (f)  elastic  modulus  of  CSPPCs-PBAT  HMAs  with
varying molecular weights.
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ular  weight of  CSPPC,  whereas the tensile  strength and elas-
tic modulus decreased monotonically. This trade-off between
stiffness and ductility is a characteristic of thermoplastic elas-
tomer  design.  The  lower  molecular  weight  CSPPC  chains  of
CSPPC-PBAT exhibit reduced entanglement molecular weight
and  diminished  physical  crosslink  density,  enabling  greater
segmental  mobility  and  strain  accommodation,  providing
more  impact  resistance  in  high-performance  adhesives,  al-
beit at the cost of the ultimate tensile load capacity.

To further  evaluate the adhesion performance of  the CSP-
PC-based  adhesives,  the  adhesion  strengths  of  CSPPC  and
CSPPC-PBAT were compared with those of previously report-
ed adhesives, as shown in Fig. 6. Relative to previously report-
ed  bio-based  alternatives,  our  CSPPC-35-PBAT  adhesive  sys-
tem  exhibits  superior  bonding  performance.  First,  when
benchmarked  against  adhesives  such  as  RADX-1.5,  PESF,
MTAG0.42, ET0.4C0.6, BSA, and PBDF, our material achieves a
shear  strength  of  14.23  MPa  on  stainless  steel,  substantially
exceeding their values. Second, relative to CPPC-based adhe-
sives,  our  CO2-derived  PPC via gas-solid  chlorosulfonation  is
more  environmentally  benign.  Notably,  even  un-extended
CSPPC-35  gives  6.35  MPa,  higher  than  CPPC  counterparts,
and  extension  with  PBAT  raises  it  to  14.23  MPa.  Overall,  our
system offers high strength and green synthesis.
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Fig. 6    Comparison of the single lap shear strength of CSPPC and
CSPPC-PBAT  adhesives  on  stainless  steel  with  that  of  reported
adhesives (bio-based adhesives: RADX-1.5,[21] PESF,[26] MTAG0.42,[40]

ET0.4C0.6,[41] BSA,[42] PBDF;[43] CPPC-based  adhesives:  CPPC,[35]

CPPC-PBAT,[35] CPPC-PLA[33] and CPPC-PBS[44]).
 
The Viscoelastic Behavior of Chain-extended CSPPC-
PBAT and the Adhesion Performance as HMAs
To  systematically  elucidate  the  molecular-weight-dependent
regulation  of  thermomechanical  properties  in  chain-extended
CSPPC  hot-melt  adhesives,  a  series  of  CSPPC-PBAT  samples
were characterized by oscillatory shear rheology with tempera-
ture  sweeps (Fig.  7).  Relative  to  the unmodified CSPPC precur-
sor  (Fig.  3),  both  the G′ and G″ of  the  chain-extended  CSPPC-
PBAT exhibited substantial increases. This enhancement can be
attributed  to  the  introduction  of  rigid  terephthalic  acid  units
within the PBAT segments, which effectively increased the chain
rigidity  and  intersegmental  interaction  energy,  thereby  elevat-

ing  the  cohesive  strength  of  the  system,  which  is  consistent
with  the  tensile  mechanical  property  data  (Figs.  5e and  5f).  Si-
multaneously, the polar ester functionalities in PBAT significant-
ly enhanced the polar interactions and interfacial adhesion con-
tributions, resulting in a concomitant increase in the loss modu-
lus. Thus, the chain-extension modification of CSPPC achieves a
synergistic enhancement of the elastic and viscoelastic respons-
es in CSPPC-PBAT samples, establishing the requisite viscoelas-
tic balance for high-performance HMA applications.

However, the enhancing effect of PBAT chain extension on
the  HMA  properties  is  strongly  dependent  on  the  molecular
weight  of  the  CSPPC  precursor.  For  high-molecular-weight
systems  (CSPPC-49-PBAT  and  CSPPC-54-PBAT),  as  shown  in
Figs.  7(a)  and  7(b),  the  samples  exhibited  typical  dual-plat-
form  modulus  decay  characteristics  during  the  temperature
scan  process.  Both G'  and G''  showed  two  distinct  stepwise
drops,  indicating  the  presence  of  microphase  separation  or
multi-scale  relaxation  behavior  within  the  system,  and  the
segmental motion was significantly constrained. Mechanical-
ly,  the  excessively  high  molecular  weight  of  CSPPC-54  leads
to  a  sharp  decline  in  the  segmental  motion  ability,  a  signifi-
cant  increase  in  melt  viscosity,  and  severe  weakening  of  the
spreading and wetting ability of the hot melt adhesive on the
substrate surface. At the same time, the introduction of PBAT
rigid segments may induce local crystallization or ordered ag-
gregation  structures,  further  restricting  sufficient  relaxation
and interface diffusion of the molecular chains. Therefore, al-
though  the  high-molecular-weight  samples  have  higher  co-
hesive strength,  their  interfacial  bonding efficiency is  insuffi-
cient,  the  processing  window  is  significantly  narrowed,  and
the single lap shear strength of CSPPC-54-PBAT is lower than
that  of  the medium-molecular-weight  samples,  with the fail-
ure mode mainly being interface failure.

When the  CSPPC precursor  exhibited a  moderate  molecu-
lar  weight (CSPPC-35-PBAT and CSPPC-30-PBAT; Figs.  7c and
7d),  the  resulting  chain-extended  samples  achieved  an  opti-
mal G′/G″ balance,  reflecting  synergistic  alignment  between
cohesive  integrity  and  interfacial  adhesion,  thereby  display-
ing viscoelastic signature characteristics of high-performance
HMAs.  Notably,  CSPPC-35-PBAT  exhibited  the  broadest  and
most  thermally  robust G′ and G″ plateaus,  sustaining  vis-
coelastic  equilibrium  across  the  widest  temperature  range
among all the formulations. This rheological profile confers a
dual  functional  advantage,  high  elasticity  (evidenced  by  ele-
vated  cohesive  strength)  and  high  viscous  dissipation  (en-
abling superior  substrate wetting and interfacial  contact).  Fi-
nally,  it  delivered  the  highest  adhesion  performance  among
all tested samples (Fig. 5a, 14.23 MPa).

Critically,  the  well-balanced G′/G″ ratio,  with G′ exhibiting
exceptional  plateau width and thermal  stability  (Fig.  7c),  un-
derpins a strong and sticky mechanical response, shifting the
dominant failure mode from mixed (cohesive + interfacial) to
predominantly  cohesive  failure,  which  is  a  property  of  opti-
mized bulk energy dissipation rather than premature interfa-
cial debonding. Therefore, these findings establish the CSPPC
precursor molecular weight as the decisive structural parame-
ter  governing  the  HMA  performance  in  this  system.  Only
within a narrowly defined, molecular-weight-dependent opti-
mum can a high modulus, robust viscoelastic balance, and ef-
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fective interfacial coupling be concurrently achieved, thereby
enabling  chain-extended  CSPPC-PBAT  to  fulfill  the  essential
functional  requirements  of  a  high-performance,  melt-pro-
cessable HMA.

Conversely,  for  the  low-molecular-weight  system  CSPPC-
14-PBAT (Fig. 7e), G′ remained lower than G″ across the entire
temperature  range,  with  minimal  separation  between  the
moduli.  This  indicates  a  viscous-flow-dominated  response
that lacks effective elastic network support.  The low molecu-

lar  weight  results  in  an  extremely  low  chain  entanglement
density,  a  weak  physical  crosslinking  network,  and  insuffi-
cient  cohesive  strength.  Consequently,  cohesive  failure  oc-
curred  readily  during  bonding,  yielding  the  lowest  adhesion
performance  (Fig.  5a)  among  all  the  samples,  with  cohesive
failure as the predominant failure mode.

In summary,  the CSPPC precursor exhibited a pronounced
molecular-weight  window  effect  on  the  performance  of
chain-extended CSPPC-PBAT as a hot-melt adhesive. An effec-
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Fig.  7    Rheological  properties  of  CSPPCs-PBAT.  (a–e)  Storage  modulus  (G')  and  loss  modulus  (G'')  of  CSPPCs-PBAT;  (f)  Viscoelastic  processing
window of CSPPCs-PBAT.
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tive physical entanglement network cannot be established at
an excessively low molecular weight (14 kg/mol), resulting in
an insufficient cohesive strength. At excessively high molecu-
lar weights (49 or 54 kg/mol), the restricted segmental mobili-
ty and potential microphase separation reduce the interfacial
adhesion efficiency.  Only  within the intermediate molecular-
weight  range  (approximately  30–35  kg/mol)  is  an  optimal
G′/G″ balance  maintained  across  a  broad  temperature  win-
dow,  simultaneously  achieving  high  elasticity  (cohesive
strength)  and  high  viscous  dissipation  (interfacial  wetting).
This  molecular-weight  window  effect  provides  a  theoretical
foundation and experimental guidance for the molecular de-
sign and performance optimization of CO2-based high-perfor-
mance HMAs.

CONCLUSIONS

Mn

A series of CSPPC samples with tunable molecular weights were
synthesized via the gas-solid phase reaction of PPC with sulfuryl
chloride. By precisely balancing the competing reactions of po-
lar group introduction (chlorine and sulfur) and controlled main-
chain  degradation,  the  optimized  CSPPC-35  ( =35  kg/mol)
achieved  a  single-lap  shear  strength  of  6.35  MPa  on  stainless
steel,  holding  power  of  99  h,  and  peel  strength  of  131  N/cm,
with  a  failure  mode  transition  from  interfacial  to  cohesive  fail-
ure.  Rheological  analysis  reveals  that  this  optimal  performance
originates  from  a  balanced  viscoelastic  response,  where  the
storage modulus (G′) and loss modulus (G″) converge at approx-
imately  1.0×105 Pa,  simultaneously  satisfying  the  dual  require-
ments of high elasticity and sufficient viscous dissipation essen-
tial for high-performance HMAs.

The  chain  extension  of  CSPPC-35  with  PBAT  and  MDI  fur-
ther elevates the lap shear strength to 14.23 MPa while main-
taining robust adhesion on diverse substrates,  including alu-
minum, walnut wood, and bamboo. The molecular weight of
the  CSPPC  precursor  exhibits  a  pronounced  window  effect:
only  within  the  moderate  range  of  30–35  kg/mol  does  the
chain-extended CSPPC-PBAT system achieve an optimal G′/G″
balance,  yielding  superior  adhesion  governed  by  cohesive
failure.  CSPPC-35  efficiently  reacts  with  various  biodegrad-
able polymers, including aliphatic polyesters and polycarbon-
ates  (e.g.,  PCL,  PPC,  and  CPPC),  confirming  its  versatility  as  a
universal precursor for high-performance HMAs.

This  study  establishes  a  molecular-weight-dependent  de-
sign criterion for CSPPC-based adhesives and provides a sus-
tainable,  solvent-free  platform  that  advances  CO2-based  cir-
cular  economy  strategies.  Future  efforts  will  focus  on  long-
term  durability  assessments  and  industrial-scale  validations
to accelerate the commercial translation of this technology.
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