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Abstract   Traditional acrylate reactive diluents, which are derived from fossil resources, are known to exhibit significant irritation and allergenic

potential, leading to their prohibition in high-end electronics, particularly in wearable devices. To address these limitations, four bio-based acry-

late reactive diluents (BRDs) were synthesized via the reaction of alcohols derived from renewable sources, piperitol, vanillin, eugenol, and isosor-

bide, with methacrylic anhydride. The viscosity of the synthesized BRDs and the Tg of their corresponding polymers were systematically evaluat-

ed and compared with those of the petroleum-based diluent isobornyl acrylate (IBOA). The BRDs were then blended with acrylate-terminated

polyurethane (APU) to formulate a series of UV-curable polyurethane adhesives (APU-BRDs). The results suggest that BRDs effectively reduce the

viscosity of APU. By selecting and combining BRDs, the bonding strength of APU-BRDs to polar substrates such as PC and glass can reach 20 MPa.

Even for non-polar substrates like PE, the strength is close to 5 MPa. The values obtained in this study exceed those of adhesives prepared using

the conventional petroleum-based diluent IBOA. Furthermore, the study explored the potential application of APU-BRDs in smart wearable de-

vices, confirming their suitability for next-generation wearable technology.
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INTRODUCTION

UV-curable  polyurethane  (UV-PU)  adhesives  represent  a
groundbreaking  advancement,  combining  the  exceptional
properties of polyurethane adhesives, such as strong adhesion,
wear resistance, and chemical corrosion resilience, with the effi-
ciency and sustainability of  UV-curing technology.[1,2] This inte-
gration  enables  rapid  curing,  energy  efficiency,  and  environ-
mental  benefits,  making  UV-PU  adhesives  highly  desirable  in
automotive,  aerospace,  and electronics  industries.[3,4] However,
the  high  viscosity  of  acrylate-terminated  polyurethane
oligomers  (APU),  the  primary  resin  in  UV-PU  adhesives,  often
complicates their  application.  To address  this,  reactive diluents
are incorporated to reduce the viscosity, improve the substrate
wettability,  and  enhance  the  adhesion  properties  through  ac-
tive participation in the photocuring reaction.[5]

Traditional  petroleum-based  reactive  diluents,  such  as

IBOA, are limited by their potential to cause skin irritation and
allergic  reactions,[6,7] particularly  in  applications  involving
close human contact,  such as  wearable devices.  In  response,
companies  such  as  Apple  have  established  strict  guidelines
prohibiting  and  restricting  the  use  of  such  substances  in
smart  wearable  devices,  prioritizing user  safety  and comfort.
This has spurred interest in bio-based reactive diluents (BRDs)
derived from renewable resources such as plant oils and nat-
ural  aromatic  compounds.  BRDs  offer  environmental  and
health advantages, including reduced fossil-fuel dependence,
lower  emissions,  biodegradability,  and  minimal  toxicity.[8−11]

Studies  by  researchers  have  demonstrated  the  potential  of
BRDs to replace traditional  diluents while maintaining or en-
hancing performance.  Wu et  al.[12] synthesized a  series  of  fu-
ran-based  diacrylates,  which  significantly  increased  the Tg,
hardness,  and elastic modulus of cured coatings while main-
taining low viscosity and good processability. In addition, the
coatings  exhibit  excellent  solvent  resistance  and  high  ther-
mal  stability.  Dai et  al.[13] synthesized  4-vinylguaiacol  acetyl
ester  from  ferulic  acid.  This  compound  combines  the  high
copolymerization activity of the vinyl group, rigid structure of
the  aromatic  ring,  and  low  volatility.  It  not  only  significantly
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improved the compatibility and processing flowability of the
prepolymer,  but  also  effectively  enhanced  the  mechanical
properties  and  thermal  stability  of  the  cured  resin.  Despite
these  advancements,  developing  BRDs  that  simultaneously
exhibit  excellent dilution ability and strong adhesive proper-
ties remains a significant challenge.

Resins (APU) constitute the fundamental component of ad-
hesive  systems  and  serve  as  the  primary  matrix  for  cross-
linked  network  formation  and  performance  enhancement.
Through  resin  incorporation,  adhesives  can  achieve  superior
mechanical  strength,  toughness,  and  thermal  resistance,  en-
abling  diverse  bonding  applications.  PU  synthesized via the
reaction  of  diol  and  isocyanate  monomers  exhibits  tunable
physical  properties via selective  monomer  pairing.  Polyester
diols impart high strength and adhesion to PU, but poor ten-
sile  strength.[14] Conversely,  polyether  diols  provide  en-
hanced toughness but suffer from significant strength reduc-
tion.[15] To  balance  these  properties,  poly(diethylene  glycol)
adipate (PDGA) was chosen as the diol component. Its molec-
ular  architecture  combines  the  strength-conferring  ester
groups with flexibility-enhancing ether linkages. Hexamethy-
lene  diisocyanate  (HMDI)  was  selected  owing  to  its  non-yel-
lowing  characteristics  during  aging[16] and  superior  strength
imparted  by  its  bicyclic  aliphatic  structure  compared  to
monocyclic alternatives such as isophorone diisocyanate.[17]

In this study, four novel BRDs, namely piperonyl methacry-
late (PPA), vanillin methacrylate (VAA), eugenol methacrylate
(EGA),  and isosorbide methacrylate (ISA),  were designed and
synthesized  as  photocurable  reactive  diluents  (Scheme  1a).
Their  structures  and  photo-polymerization  kinetics  were  in-
vestigated thoroughly.  APU was synthesized from PDGA and
HMDI,  and  ended  with  hydroxyethyl  acrylate  (HEA)  (Scheme
1b). The dilution efficiency of BRDs in APU was evaluated us-

ing rheological analysis. Subsequently, UV-PU adhesives were
prepared by blending BRDs with APU and curing them under
UV light (Scheme 1c), and their thermomechanical properties,
mechanical performance, and basic adhesive properties were
systematically  characterized.  This  study  aims  to  advance  the
development  of  sustainable  high-performance  UV-PU  adhe-
sives for smartwatch applications.

EXPERIMENTAL

Materials
Isobornyl  acrylate  (IBOA,  98%),  piperitol  (PP,  99%),  vanillin  (VA,
99%), eugenol (EG, 99%), isosorbide (IS, 99%), methacrylic anhy-
dride  (MAAn,  94%),  dichloromethane  (CH2Cl2,  99%),  3-glyci-
doxypropyltrimethoxysilane  (KH560,  99%),  and  4-dimethy-
laminopyridine  (DMAP,  99%)  were  all  purchased  from  Macklin
Co.,  Ltd.  Butylated  hydroxytoluene  (BHT,  99%),  2-hydroxy-2-
methylpropiophenone  (Irgacure  1173,  99%),  dicyclohexyl-
methane  diisocyanate  (HMDI,  99%),  benzoin  dimethyl  ether
(BDK,  99%),  2,4,6-trimethyl-benzoyldiphenyl  phosphine  oxide
(TPO,  99%),  2-hydroxy-ethyl  acrylate  (HEA,  99%),  dibutyltin  di-
laurate  (DBTDL,  99%), N,N-dimethylacrylamide  (DMAA,  99%),
trimethylol- propane triacrylate (TMPTA, 99%), and reolosil were
all purchased from Aladdin Co., Ltd. Poly(diethylene glycol) adi-
pate (PDGA, Mn=2000) was purchased from Covestro Co., Ltd.

Synthesis of BRDs and PolyBRDs
The BRDs were synthesized according to a previously reported
method.[18,19] A typical reaction for the synthesis of VAA is as fol-
lows:  VA of  0.10 mol  (15.20 g)  and DMAP of  2.4  mmol (0.29 g)
were mixed in a flask, and bubbled with argon (Ar) for 1 h to re-
move H2O and O2 from the reaction system. Then, MAAn of 0.12
mol (18.48 g) was added and reacted at room temperature for 3
h  and  go  on  for  24  h  at  45  °C.  Subsequently,  the  mixture  was
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Scheme 1    Preparation process of (a) BRDs and (b) APU, and (c) schematic diagram of UV-PU adhesives.
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dissolved in 150 mL of CH2Cl2 and washed with 150 mL of satu-
rated  NaHCO3 aqueous  solution  until  no  more  carbon  dioxide
was  produced  to  remove  excess  MAAn  and  methacrylic  acid
product. VAA with a yield of 85.2% was obtained after CH2Cl2 re-
moved  by  vacuum  distillation.  PPA,  EGA,  and  ISA  were  pre-
pared from PP, EG, and IS using the same process, with yields of
89.4%, 86.6%, and 82.1%, respectively.

PPA: 1H-NMR (400 MHz,  CDCl3, δ,  TMS,  ppm):  1.95 (t, J=1.2
Hz, 3H), 5.08 (s, 2H), 5.57 (dq, J=1.6 Hz, 1H), 5.95 (s, 2H), 6.14 –
6.11 (m, 1H), 6.88–6.74 (m, 3H); 13C-NMR (δ, ppm): 167.25 (Cd),
147.79 (C4), 136.23 (Cb), 129.86 (C5), 125.58 (Ca), 121.59 (C2),
107.67 (C3), 101.16 (C6), 66.40 (C1), 18.71 (Cc).

EGA: 1H-NMR (400 MHz, CDCl3, δ, TMS, ppm): 6.98 (d, J=7.8
Hz,  1H),  6.81  (d, J=2.0  Hz,  1H),  6.79  (dd, J=7.8,  2.0  Hz,  1H),
6.42–6.31  (m,  1H),  5.98  (ddt, J=16.9,  10.1,  6.8  Hz,  1H),
5.78–5.71 (m, 1H), 5.18–5.05 (m, 2H), 3.82 (s, 3H), 3.40 (d, J=6.8
Hz,  2H),  2.13–2.03  (m,  3H); 13C-NMR  (δ,  ppm):  165.63  (Cd),
151.01 (C6), 143.32 (C1), 138.91 (C4), 137.46 (C9), 135.65 (Cb),
127.13 (Ca), 123.19 (C3), 121.88 (C2), 116.13 (C10), 112.07 (C5),
56.30 (C7), 40.09 (C8), 18.21 (Cc).

VAA: 1H-NMR  (400  MHz,  CDCl3, δ,  TMS,  ppm):  9.96  (s,  1H),
7.51 (m, 1H), 7.48 (d, J=6.0 Hz, 1H), 7.26 (d, J=12.0 Hz, 1H), 6.39
(s, 1H), 5.81 (s, 1H), 3.89 (s, 3H), 2.08 (s, 3H); 13C NMR (δ, ppm):
191.01 (C8), 164.74 (Cd), 152.04 (C1), 145.14 (C6), 135.10 (Cb),
128.43 (Ca), 124.29 (C3), 122.87 (C4), 111.19 (C2), 110.53 (C5),
56.51 (C7), 18.00 (Cc).

ISA: 1H-NMR (400 MHz,  CDCl3, δ,  TMS,  ppm):  6.22– 6.16 (d,
J=5.6  Hz,  1H),  6.13–6.10  (d, J=5.7  Hz,  1H),  5.73–5.59  (dd,
J=12.7,  5.3  Hz,  2H),  5.29–5.16  (m,  2H),  4.55–4.52  (m,  1H),
4.05–3.87 (m, 4H), 2.02–1.94 (dd, J=20.3, 5.8 Hz, 6H); 13C-NMR
(δ,  ppm):  163.09  (Cd),  135.68  (Cb),  129.31  (Ca),  86.25  (C3),
80.67 (C1), 73.32 (C2), 17.61 (Cc).

The  cured  polymers,  polyBRDs  (polyVAA,  polyPPA,  polyE-
GA,  and  polyISA),  together  with  the  contrast  sample  polyI-
BOA were obtained via UV-initiated BRDs radical polymeriza-
tion  using  BDK/TPO  (50/50 W/W)  as  the  photo-initiator,  un-
der  irradiation  at  365  nm  UV  LED  light  source  (Technigraf
Amp) for 30 s, with an energy intensity of 500 mJ/cm2.

Synthesis of APU
In a typical  procedure,  an APU oligomer is  prepared via a  two-
step reaction. 80.0 g (40 mmol) of PDGA was added into the re-
actor.  Trace water  was  then removed at  110 °C  under  vacuum
for 2 h. After that, the temperature of the system was lowered to
90 °C, then 13.12 g (50 mmol) of HMDI and 0.06 g (0.10 mmol) of
DBTDL was added. The reaction was allowed to proceed for 1 h
at 90 °C. After that, 0.022 g (0.10 mmol) of BHT as the polymer-
ization inhibitor and 2.32 g (20 mmol) of HEA was added as cap-
ping agent, and the reactor was then maintained at 80 °C for an
additional 1 h of reaction to allow for complete capping. Finally,
a viscous liquid, APU, was obtained.

Preparation of APU-BRDs Adhesives
APU-BRDs  comprises  APU  (50.0  wt%),  BRDs  (22.5  wt%),  DMAA
(17.5  wt%),  and other  additives  (10.0  wt%),  such as  thixotropic
agent reolosil, silane coupling agent KH560 and photo-initiators
BDK/TPO.  The  mixture  was  homogenized  for  3  min  using  a
high-speed disperser (2500 r/min) followed by three centrifuga-
tion cycles  in  a  vacuum centrifuge (5  min each at  1500 r/min).
The mixture was then irradiated for 30 s under a 365 nm UV-LED
light  source  (Technigraf  Amp)  with  an  energy  intensity  of  500

mJ/cm2.  APU-BRDs  adhesives  were  thus  obtained  and  named
APU-VAA, APU-PPA, APU-EGA, and APU-ISA. The APU-IBOA ad-
hesive was obtained using the same method.

Characterization

FTIR and NMR
The chemical structures of BRDs and APU, along with their pre-
cursors,  were characterized by Fourier  transform infrared spec-
troscopy  (FTIR,  Tensor  27,  Brüker,  USA)  and  nuclear  magnetic
resonance  (NMR,  Advance  III,  400  MHz,  Brüker,  USA).  FTIR  was
performed in the range of 4000–400 cm–1 with a resolution of 4
cm–1. The BRDs were dispensed onto KBr pellets, and the cured
APU-BRDs  were  tested  using  the  ATR  mode. 1H-NMR  spec-
troscopy  was  performed  in  DMSO-d6 or  CDCl3 at  a  concentra-
tion of 5 mg/mL.

Viscosity measurement

γ̇

The  viscosities  of  the  BRDs,  IBOA,  TMPTA,  DMAA,  APU,  APU-
BRDs, and APU-IBOA were measured using a rheometer (Bohlin
DV2T,  Brookfield,  USA)  equipped  with  a  CZ-52  disk.  Measure-
ments were conducted at a constant rotational speed of 1 r/min
and 10 r/min,  maintained at  25 °C for  2  min.  The viscosity  was
determined  in  triplicate  and  the  average  value  was  reported.
Additionally,  viscosity  data  were  collected  as  a  function  of  the
shear rate  (s–1) and analyzed using Eq. (1):

η (γ̇) = η∞ + (η0 − η∞) [1 + (λγ̇)α] n−1
α (1)

η(γ̇) γ̇ η0

η∞
where  (mPa·s) is the apparent viscosity at shear rate , 
(mPa·s)  and  (mPa·s)  represent  the  zero- and  infinite-shear
viscosities, respectively. λ (s) is the characteristic time constant, α
is  the  Yasuda  parameter  describing  the  breadth  of  the  transi-
tion region, and n is the flow behavior index.

Differential scanning calorimeter
The  glass  transition  temperatures  (Tg)  of  polyBRDs  and  cured
APU-BRDs  adhesives  were  measured  using  a  differential  scan-
ning  calorimeter  (DSC,  DSC25,  TA  Instruments,  USA)  under  N2

atmosphere at a heating rate of 10 °C/min.

Dynamic mechanical analysis
Dynamic  mechanical  analysis  (DMA,  DMA-Q800,  TA  Instru-
ments, USA) of the cured APU-BRDs adhesives was conducted in
single  cantilever  mode.  The temperature  range was  30–200 °C
with a heating rate of 1 °C/min at frequency of 1 Hz and a dis-
placement of 0.01 mm.

Thermogravimetric analysis
Thermogravimetric analysis (TGA, TGA55, TA Instruments, USA)
of the cured APU-BRDs adhesives was performed under N2 (35
mL/min). Approximately 10 mg of the sample was heated from
25 °C to 600 °C at a rate of 10 °C/min.

Shore hardness
The APU-BRDs were injected into a mold with a depth of 1 cm
and a radius of 0.5 cm, and cured completely under UV light for
30 s. The cured polymer was removed and cooled to room tem-
perature.  The  Shore  hardness  was  measured  using  a  Shore
hardness tester (Shore D, Nscing Es, GER).

Mechanical properties
Stress-strain  tests  of  the  cured  APU-BRDs  were  conducted  at
room temperature using a universal testing machine (KJ-1066A,
Guangdong Kejian Instrument, China) with a fixed tensile rate of
300 mm/min.
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Toughness
The  tensile  toughness  of  the  samples  can  be  defined  by  inte-
grating the area under the engineering stress-strain curves, and
measured at a stretching speed of 300 mm/min using Eq. (2):

Toughness (MJ/m
3) = ∫ εmax

0
σdε (2)

where σ is  the  engineering  stress, ε is  the  engineering  strain,
εmax is the elongation at the break of the sample.

Crosslink density
DMA  was  employed  to  determine  the  crosslink  density  (ve,
mol/m3) of the cured APU-BRDs, according to Eq. (3):[20, 21]

ve =
E′

3RT0
(3)

where E′ (Pa) represents the storage modulus corresponding to
the absolute temperature (T0,  K) of the rubbery plateau region,
and R represents the gas constant (8.314 J/(mol·K)).

Gel content
The gel  content of  the cured APU-BRDs was determined using
the following procedure. The dry samples (mi) were immersed in
toluene for 1 week and weighed (mf) after thorough drying. The
gel content (GC) was calculated using Eq. (4):

GC (%)=
mf

mi
× 100 (4)

Conversion rate
The double bond conversion rates of photo-initiated PPA, EGA,
VAA, and ISA radical polymerizations can be calculated by com-
paring  the  changes  in  the  transmittance  of  the  C＝C  double
bonds.[22,23] Conversion rate (α) was calculated according to Eq.
(5):

α = 1 −

(T(C=C)
Tref

)
t(T(C=C)

Tref
)

0

(5)

T(C=C)t T(C=C)0

Treft
Tref0

where  and  are  the  transmittances  of  the  C＝C
stretching vibration peak in the acrylic ester group at time t and
the  initial  time,  respectively;  and  are  the  transmit-
tances of  the calibration peak at  time t and the initial  time,  re-
spectively.  The  calibration  peaks  for  PPA,  VAA,  and  EGA  corre-
sponded to the stretching vibration peak of the aromatic ring at
1500  cm–1.  The  calibration  peak  for  ISA  corresponds  to  the
stretching vibration peak of the carbonyl group at 1720 cm–1.

Direct peptide reactivity assay (DPRA)
DPRA was conducted according to the standard operating pro-
cedure mentioned in OECD TG 442C (details are provided in Fig.
S1  and  Table  S1  in  the  electronic  supplementary  information,
ESI).[24]

Curing shrinkage
A cylindrical mold (1 × 0.1 cm) was filled with APU-BRDs, and a
scraper was used to level the surface, ensuring a consistent vol-
ume  of  uncured  material.  The  sample  was  fully  cured  under
identical UV-curing conditions. The curing shrinkage (%) before
and  after  curing  was  calculated  based  on  the  density  method
using Eq. (6):

Curing shrinkage (%) = (1 −
ma (ma −ml)

Vρlma
) × 100 (6)

where ma and ml are the masses of the APU-BRDs in air and liq-

uid,  respectively, V is  the  volume  of  the  module,  and ρl is  the
density of the deionized water used in the test at 25 °C.

Lap shear test
The adhesive strength of the APU-BRDs was measured using a
lap-shear adhesion test.  The APU-BRDs were uniformly applied
to the substrate surfaces (PC, glass,  PMMA, PET,  and PE) cover-
ing  an  area  of  25  mm  ×  2  mm.  The  spacers  were  positioned
along both sides of the bonding region to maintain a consistent
adhesive thickness of  0.20 mm. A second substrate (glass)  was
carefully aligned over the adhesive-coated area to form a single-
lap shear joint.  Light pressure was applied to ensure a uniform
adhesive distribution and eliminate visible air bubbles or voids.
The  assembled  specimen  was  then  irradiated  for  30  s  using  a
365  nm  UV  light  source  directed  at  the  overlap  region  to
achieve  complete  curing.  Both  ends  of  the  specimen  were
clamped into an electronic universal testing machine (KJ-1066A,
Guangdong  Kejian  Instruments,  China),  and  shear  tests  were
conducted at a crosshead speed of 5 mm/min to determine the
bond strength of the APU-BRDs on each substrate.

Solvent resistance assessment
The solvent resistance assessment was conducted according to
the following method: single-lap shear joints were prepared us-
ing  glass  and  PC  substrates  bonded  with  either  APU-BRDs  or
APU-IBOA over a lap area of 25 mm × 2 mm. The joints were im-
mersed in distilled water and glycerol at 25 °C for 7 days. After
immersion,  the specimens were retrieved and any residual  sol-
vent  was  removed  from  the  surface.  Shear  performance  was
evaluated using the same method.

RESULTS AND DISCUSSION

Synthesis and Structure Characterization of BRDs
As shown in  Fig.  S2  (in  ESI),  BRDs,  namely  VAA,  PPA,  EGA,  and
ISA,  were  obtained  by  the  DMAP-catalyzed  esterification  of
MAAn with bio-alcohols/phenols, VA, PP, EG, and IS, respective-
ly. DMAP is an effective nucleophilic base catalyst for the esteri-
fication of alcohols with acid anhydrides[25] and other related re-
actions.  The  resonance  of  the  electron-donating  dimethy-
lamino  group  with  the  pyridine  ring  can  strongly  activate  the
ammonia  atoms  in  the  ring  for  nucleophilic  substitution  and
significantly catalyze the esterification of alcohols and acids with
high  resistance  and  low  reactivity.  The  currently  accepted
mechanism for  the acylation reactions  of  alcohols  involves  the
pre-equilibrium formation of an acyl-pyridinium cation through
the reaction of DMAP with the acyl donor. The alcohol then re-
acts  with  the  acylated  catalyst  in  the  rate-determining  step  to
form  the  ester  product  together  with  the  deactivated  (proto-
nated)  catalyst.[25] PPA,  EGA,  and  VAA  are  pale  yellow  liquids,
which can be attributed to their benzene ring structures. In con-
trast,  the  ISA  is  a  colorless,  transparent  liquid.  Its  aliphatic  ring
structure contributed to  its  strong resistance to  yellowing (Fig.
S3 in ESI).

The  FTIR  spectra  of  the  BRDs  with  their  precursors  are
shown in Fig. S4 (in ESI). In the MAAn spectrum, the peaks at
1786 cm–1 and 1726 cm–1 belong to the stretching vibration
of C＝O, and double bands are formed due to vibration cou-
pling.[26] The  band  at  1636  cm–1 corresponds  to  the  C＝C
stretching  vibration.  In  the  PP,  EG,  VA,  and  IS  spectra,  wide
bands between 3100–3500 cm–1 are typical  stretching vibra-
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tion  absorptions  of ―OH  and  1100  cm–1 for  C―O
(alcohols).[9] Obviously,  in  the  obtained  BRDs  (Fig.  S4  in  ESI),
the ―OH disappeared, and the C＝O peak shifted to a lower
wavenumber  after  esterification,[10,27] and  the  C＝C  stretch-
ing vibration absorption peak was observed at approximate-
ly 1636 cm–1.[28]

The structures of the BRDs with their precursors MAAn, PP,
EG, PA, and IS were analyzed using 1H-NMR and 13C-NMR (Fig.
1 and Fig. S5 in ESI). In 1H-NMR spectrum of MAAn (Fig. S5 in
ESI),  and  three  peaks  at  6.24  ppm  (Ha),  5.83  ppm  (Ha')  and
2.01 ppm (Hc) belong to the methacrylate group.[10] In its 13C-
NMR  spectrum,  characteristic  peaks  of  methacrylate  group
appear at 129.33 ppm (Ca),  135.69 ppm (Cb),  17.59 ppm (Cc)
and 163.04 ppm (Cd).[26] In the NMR spectra of the BRDs (Fig.
1 and  Fig.  S5  in  ESI),  we  can  clearly  observe  the  absorption
peaks  belonging  to  these  biomass  raw  materials,  as  well  as
the characteristic  peaks  of  the methacrylate  group in  MAAn.
Additionally,  when  the  hydroxyl  groups  of  biomass  alcohols
form ester groups with MAAn, the H atoms of CH2 in PPA and
CH in ISA adjacent to the hydroxyl groups shift to lower posi-
tions  owing  to  the  electron-withdrawing  effect.  The  NMR
spectrum confirmed the successful synthesis of BRDs.

The main function of the BRDs is to reduce the viscosity of
the system. Their apparent viscosities were measured at 25 °C
and  compared  them  with  those  of  traditional  reactive  dilu-

ents,  such as IBOA, TMPTA, and DMAA (Fig.  2a).  As shown in
Fig. 2(a), the viscosities of PPA, EGA, VAA, and ISA are 5.3, 30.4,
35.1 and 5.2 mPa·s.  The viscosities of PPA and ISA were simi-
lar to that of IBOA (8.5 mPa·s) and smaller than that of DMAA
(12.0  mPa·s).  Although  the  viscosities  of  EGA  and  VAA  were
relatively  higher  than  those  of  some  dual-functional  active
diluents and significantly lower than those of the tri-function-
al TMPTA (108.0 mPa·s).

All the four BRDs contained methacrylate groups. Thus, this
pronounced  viscosity  variation  arises  from  structural  differ-
ences in the bio-alcohol components.  VAA possesses a high-
dipole-moment  aldehyde  group  (H―C＝O),  which  increases
the cohesive energy density.  Furthermore,  its  aromatic  ether
linkage  (C―O―C)  provides  additional  dipole-dipole  interac-
tions, resulting in the highest viscosity. In contrast, substitut-
ing the aldehyde in EGA with a less polar allyl group lowered
its viscosity. However, this reduction was modest, suggesting
that the aromatic ether bond significantly contributed to the
relatively  high  viscosities  observed  for  both  VAA  and  EGA.
Conversely,  PPA  and  ISA  exhibit  substantially  lower  viscosi-
ties,  primarily  because  of  their  high  molecular  symmetry.  In
PPA, the oxygen atoms within the 1,3-dioxolane ring increase
the π-electron density of the aromatic ring via electron dona-
tion.  This  enhanced  electron  density  creates  electrostatic  re-
pulsion that  impedes optimal  π-π stacking between parallel
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Fig. 1    (A) 1H-NMR and (B) 13C-NMR spectra of PPA, EGA, VAA, and ISA.
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aromatic rings, reducing intermolecular friction, and facilitat-
ing  molecular  sliding.  The  ISA  displays  even  greater  symme-
try  with  the terminal  ester  groups.  The rigidity  of  the isosor-
bide  skeleton,  combined  with  the  spatial  cancellation  of  the
dipoles associated with the two carbonyl groups, results in an
overall low dipole moment and weak intermolecular force.[29]

Tg of polyBRDs
The Tg is a key determinant of polymer performance in practical
applications.  The Tg values  of  polyBRDs  were  determined  by
DSC (Fig. 2b), and the values of polyVAA, polyEGA, polyPPA, and
polyISA were 104, 133, 155, and 183 °C, respectively. These val-
ues are similar  or  higher than those of  traditional  diluent poly-
mers such as polyIBOA (150 °C)[30] and polyDMAA (118 °C)[31] as
reported in previous studies.

The Tg of  polyBRDs  correlates  strongly  with  the  pendant
group architecture, increasing with increases in rigidity, steric
bulk,  polarity,  and  crosslinking  potential.  For  instance,  poly-
VAA (Tg, 104 °C) derives modest polarity from its ―OCH3 and
―CHO  substituents,  which  facilitate  dipole-dipole  interac-
tions.  The  larger  side  groups  provided  steric  hindrance,  re-
stricting  the  movement  of  the  molecular  chain  to  some  ex-
tent.  PolyEGA exhibits  reduced polarity  due to  allyl  substitu-
tion (compared to ―CHO in polyVAA) but achieves higher Tg

(133  °C)  through  radical-mediated  crosslinking  during  poly-
merization,  despite  the  lower  reactivity  of  its  allyl  groups
compared to acrylate. PolyPPA (Tg, 143 °C) benefits from a 1,3-

dioxolane, which severely restricts chain rotation. The flexibil-
ity  introduced  by  the  benzyl  ether  linkage  is  insufficient  to
counteract  this  rigidity.[32,33] PolyISA demonstrated the high-
est Tg (183 °C) in the series, attributable to two synergistic fac-
tors: (1) its cyclic side-group architecture, which imposes ster-
ic constraints and enables directional hydrogen bonding, and
(2)  its  bifunctional  monomer,  which  fosters  a  densely
crosslinked  network.[34] These  structure-property  relation-
ships provide a foundation for rationally designing polyBRDs
with tailored Tg values and crosslink densities to meet specif-
ic application requirements.

UV reaction kinetics
The double bond conversion versus irradiation time for reactive
diluents  revealed  a  complex  interplay  between  the  monomer
structure  and polymerization kinetics.  For  BRDs and IBOA with
BDK/TPO (5.0 wt%) under UV light (365 nm), FTIR monitored re-
al-time changes in acrylate group absorption at 1636 cm–1,  en-
abling conversion rate calculations (Fig.  S6 in ESI).  As the dura-
tion of UV exposure increased, the intensity of the double-bond
peak decreased (Fig. S6 in ESI), the conversion rates of the dou-
ble bonds were calculated at different times (Fig. 2c).

Clearly,  IBOA  exhibits  a  faster  curing  rate,  reaching  nearly
100% conversion in just 2 s,  which is significantly faster than
BRDs.  This  difference  arises  because  IBOA  contains  acrylate
groups, whereas the BRDs are based on methacrylate groups.
The steric  hindrance in  BRDs slows down the curing process
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Fig.  2    (a)  Viscosity  of  VAA,  PPA,  EGA and ISA compared with  IBOA,  DMAA,  TMPTA;  (b)  DSC curves  of  polyVAA,  polyPPA,  polyEGA and polyISA;
(c) Conversion rate-time curve and (d) viscosity changes for each BRDs and IBOA during UV curing.
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compared  to  IBOA.  In  BRDs,  the  polymerization  rate  of  VAA
was  the  highest  (about  100%  in  9  s).  Its  aldehyde  group
makes  the  double  bond  very  reactive  (electron-
withdrawing)[35,36] and causes the solution to thicken quickly,
leading to strong auto-acceleration. ISA showed similar kinet-
ics  to  VAA,  but  much  slower  (about  100%  in  20  s).  Its  rigid
structure  creates  steric  hindrance  and  slows  the  chain
growth.[28] However,  its  ring  rigidity  and  crosslinking  later
promoted viscosity build-up and auto-acceleration.  EGA per-
formed worst (<100%) even after 20 s. The allylic C―H bonds
are  readily  abstracted  by  the  propagating  radicals,  generat-
ing  stable  allylic  radicals  that  cause  chain  termination.[37] Its
flexible side chain also keeps the viscosity low for longer, pre-
venting  early  auto-acceleration  and  making  polymerization
gradual.  PPA  has  unique  two-stage  kinetics:  a  slow  start
(about  5  s  induction)  and  rapid  acceleration.  The  1,3-diox-
olane  group  initially  "scavenges"  radicals,  but  then  creates
crosslinks  or  new  radicals,  suddenly  boosting  the  reaction
rate  and  viscosity  (enhancing  auto-acceleration).[38] The
change in viscosity during UV irradiation was consistent with
the change in conversion rate (Fig. 2d).

Synthesis and Characterization of APU
The  APU  was  synthesized  in  two  steps  (Fig.  S7  in  ESI).  First,
PDGA and HMDI reacted with each other through the hydroxyl
and isocyanate groups using DBTDL as a catalyst to form ―NCO
terminated  prepolymers.  Then,  the  prepolymers  reacted  with
HEA  to  obtain  APU  with  acrylate  group  terminations,  and  BHT
was used to avoid the self-polymerization of double bonds.

Structural  characterization  of  APU,  as  well  as  its  precursor
PDGA  and  the  prepolymer  synthesized  from  PDGA  with  ex-
cess  HMDI,  was  performed  using  FTIR  (Fig.  S8  in  ESI).  The
PDGA  spectrum  displayed  characteristic  absorptions  at  2933
and 2871 cm–1 (methylene antisymmetric/symmetric stretch-
ing), 1733 cm–1 (ester C＝O stretching), and 1134 cm–1 (ether
C―O―C  stretching).  The  polymer  exhibited ―N＝C＝O
stretching at 2270 cm–1, N―H bending at 1540 cm–1 and ure-

thane  N―H  stretching  at  3370  cm–1.  Subsequent  end-cap-
ping  with  HEA  introduced  UV-curable  acrylate  functionality,
as  evidenced  by  the  disappearance  of  the  2270  cm–1 peak
and emergence of C＝C stretching at 1632 cm–1.[14,15,39]

The 1H- and 13C-NMR  spectra  of  APU  and  its  precursors
(PDGA, HMDI, and HEA) are presented in Fig. 3. In the 1H-NMR
spectrum  of  PDGA,  four  signals  of  equal  integrated  intensi-
ties were observed at 4.22, 3.66, 2.35, and 1.52 ppm. These are
assigned, from low to high field, to proton H2 adjacent to the
ester group in the diethylene glycol segment, H1 next to the
ether  group,[40] H4  bonded  to  the  carbonyl  group  in  adipic
acid, and H5 at the neighboring methylene unit.[41] This trend
reflects  the  relative  electron-withdrawing strengths  of  esters
> ethers > carbonyls.  In HMDI, the ―NCO group exerts both
an  electron-withdrawing  effect  and  magnetic  anisotropy,
shifting  the  adjacent  Hb  proton  downfield  to  3.24  ppm.  In
contrast,  the  methylene  protons  Hf  appear  at  0.91  ppm  due
to  the  electron-donating  influence  of  the  two  aliphatic  six-
membered rings. The signals between 1.01 and 2.10 ppm are
attributed to the ring protons Hc–He.[42] For HEA, the charac-
teristic  vinyl  protons  of  the α,β-unsaturated  carbonyl  com-
pounds  are  clearly  visible  at  6.31  ppm  (Hα),  6.06  ppm  (Hβ),
and 5.79 ppm (Hα').[43−45] The methylene protons adjacent to
the  ester  and  hydroxyl  groups  in  HEA  give  rise  to  signals  at
4.17 ppm (Hδ) and 3.74 ppm (He), respectively.[46] In the spec-
trum  of  APU,  all  key  features  are  present:  the  characteristic
signals from PDGA (H1–H5), absorption peaks corresponding
to the aliphatic rings of HMDI (Hb–Hf), and vinyl protons from
HEA (Hα, Hα', Hβ).

The 13C-NMR results  were consistent with those of  the 1H-
NMR analysis. The PDGA spectrum displayed five characteris-
tic  signals.  The carbonyl  carbon (C3)  appears  at  173.14 ppm.
In descending order of  chemical  shift  other signals are 68.62
ppm  (C2),  63.42  ppm  (C1),[40] which  is  adjacent  to  the  ester
group  and  ether  group  in  the  diethylene  glycol  segment,
33.17 ppm (C4) and 23.64 ppm (C5),  bonded to the carbonyl
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Fig. 3    (a) 1H-NMR and (b) 13C-NMR spectra of APU with its raw materials PDGA, HMDI and HEA.
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group in adipic acid.  For HMDI,  characteristic  resonances are
observed  at  123.14  ppm  (Ca  in ―NCO),  52.78  ppm  (Cb  at-
tached to ―NCO),  and 27.63 ppm (methylene Cf),  while  sig-
nals  in  the  range  of  34.37–30.54  ppm  correspond  to  carbon
Cc–Ce of  the  cyclohexyl  ring.[42] In  the  spectrum of  HEA,  the
unsaturated alkene carbons Cα and Cβ appear at 132.75 ppm
and  128.64  ppm,  respectively,  the  carbonyl  carbon  Cγ is  ob-
served at 166.06 ppm, and the methylene carbons Cδ and Cε
give rise to signals at 66.01 and 59.33 ppm.[45] Importantly, in
the  spectrum  of  the  final  APU  product,  all  characteristic  sig-
nals  from  PDGA  and  most  of  those  from  HEA  were  clearly
present.  Moreover,  the ―NCO  carbon  (Ca)  in  HMDI  from
123.14  ppm  shifts  downfield  to  155.95  ppm  in ―NHCOO―
carbon (Ca).[42] Together, these spectral data confirm the suc-
cessful synthesis of APU.

Curing of APU-BRDs
The viscosity variations of the APU (containing other additives)
before and after  the incorporation of  BRDs or  IBOA (22.5  wt%)
were measured at 25 °C, and their corresponding thixotropic in-
dices (Ti) were calculated (Fig. 4a and Table S2 in ESI). In the ab-
sence of any BRDs, APU exhibited a very high viscosity, measur-
ing 3.57×105 mPa·s at  1 r/min and 0.71×105 mPa·s at  10 r/min,
with  a  Ti  of  5.0.  Upon  addition  of  BRDs  or  IBOA,  the  resulting
systems, APU-PPA, APU-EGA, APU-VAA, APU-ISA, and APU-IBOA,
showed a  significant  reduction in  viscosity.  At  1  r/min,  the  vis-

cosities decreased to 5.24×104 mPa·s, 9.85×104 mPa·s, 7.62×104

mPa·s,  7.7×104 mPa·s,  and  5.72×104 mPa·s,  respectively,  corre-
sponding to reduction rates of 85.3%, 72.4%, 78.7%, 78.4%, and
84.0%. At 10 r/min, the viscosities further decreased to 1.22×104

mPa·s,  1.99×104 mPa·s,  1.60×104 mPa·s,  1.64×104 mPa·s,  and
1.21×104 mPa·s. These results indicate that BRDs possess excel-
lent dilution efficacy comparable to that of  IBOA. Furthermore,
owing to the incorporation of fumed silica in the APU-BRDs sys-
tems,  the  formulations  demonstrated  pronounced  thixotropic
behavior,  with  Ti  values  exceeding  4.  This  property  imparts  a
shear-thinning  characteristic  to  the  adhesive,  enabling  it  to
maintain a high viscosity at rest to prevent sagging while reduc-
ing viscosity under shear for ease of application.[47]

We also monitored the viscosity changes of the APU-BRDs
and  APU-IBOA  (without  initiators)  at  different  temperatures.
As expected, with increasing temperature, enhanced molecu-
lar thermal motion and reduced intermolecular forces led to a
gradual decrease in viscosity (Fig. S9 in ESI). Furthermore, the
viscosities  of  the  APU-BRDs were  recorded at  different  shear
rates (Fig. S10 in ESI) and analyzed using the Carreau-Yasuda
model (Eq. 1, Table S3 in ESI). The results show that their vari-
ation trends are similar: the viscosity decreases sharply as the
shear rate increases, particularly within the range of 0.1 to 100
s–1.  All  formulations exhibited shear-thinning behavior (n<1),
with  the  EGA  and  ISA  formulations  exhibiting  slightly
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Fig. 4    (a) Viscosity of APU, APU-BRDs, and APU-IBOA, (b) DSC curves, (c) tanδ, and (d) stress-strain curves of APU-BRDs, and their comparation with
APU-IBOA.
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stronger shear-thinning characteristics.
The Tg values  of  the  UV-cured  APU-BRDs  and  APU-IBOA

were determined using DSC (Fig.  4b)  and DMA (Fig.  4c),  and
the results are listed in Table S4 (in ESI). According to the DSC
results,  APU-IBOA exhibited a Tg of  82.1 °C.  Among the APU-
BRDs,  APU-ISA  demonstrated  the  highest Tg at  90.1  °C,  fol-
lowed  by  APU-EGA  at  71.9  °C,  while  APU-PPA  and  APU-VAA
showed comparable values of 65.3 °C and 64.8 °C, respective-
ly. The elevated Tg of APU-ISA can be attributed to its rigid bi-
cyclic  tetrahydrofuran structure of  ISA,  which imparts  signifi-
cant steric hindrance and stiffness owing to its bridged cyclic
ether  linkages.  Furthermore,  as  a  bifunctional  monomer,  ISA
enhances  the  crosslinking  density  of  the  system,  thereby  in-
creasing the Tg.  In contrast,  EGA contains one acrylate group
and one allyl group. The allyl group participates in photopoly-
merization,  leading  to  additional  crosslinking.[37] The  DMA
curves  provided  a  clearer  indication  of  the Tg values,  which
were generally higher than those obtained by DSC; however,
the overall trends remained consistent.

The mechanical properties of the APU-BRDs and APU-IBOA
were evaluated (three times for each sample)  and compared
(Fig.  4d,  Table  S5  in  ESI).  APU-IBOA  displayed  a  tensile
strength  of  (22.0±0.9)  MPa  and  an  elongation  at  break  of
285%±14%.  Among  the  APU-BRDs,  APU-ISA  demonstrated
the highest tensile strength of (33.4±1.1) MPa but the lowest
elongation  at  break  of  82%±6%,  resulting  in  the  lowest
toughness of (18.6±0.4) MJ/m3.  This strong yet brittle behav-
ior is likely due to its high crosslinking density and rigidity. In
comparison,  APU-VAA  exhibited  a  slightly  lower  tensile
strength  of  (29.5±1.0)  MPa,  with  an  elongation  at  break  of
145±9%  and  toughness  of  (33.2±0.3)  MJ/m3.  APU-EGA
showed  properties  similar  to  APU-IBOA,  with  a  tensile
strength  of  (21.2±0.7)  MPa,  elongation  at  break  of
275%±12%,  and toughness  of  (37.1±0.3)  MJ/m3,  indicating a
strong and tough mechanical performance. Following elastic
deformation,  both  APU-EGA  and  APU-IBOA  exhibit  distinct
yield points and broad cold-drawing regions, which are char-
acteristic  of  forced  elastic  deformation.  APU-PPA  presented
soft  and  tough  characteristics,  with  a  tensile  strength  of
(20.1±0.8)  MPa,  the  highest  elongation  at  break  of
470%±18%,  and  toughness  of  (40.9±0.5)  MJ/m3.  The  varied
mechanical  properties  of  the  APU-BRDs  provide  a  range  of
options for tailoring materials to meet specific application re-
quirements.  Table  S5  (in  ESI)  shows  that  the  Shore  hardness
of  APU-PPA  was  45±1,  whereas  that  of  other  APU-BRDs  was
approximately  60.  Except  for  the  relatively  low  curing  depth
of  APU-VAA  (3.9±0.7  mm),  the  curing  depths  of  other  APU-
BRDs  are  all  close  to  5  mm,  which  can  all  meet  the  require-
ments of curing depth for smartwatches.

Curing  shrinkage  is  critical  for  adhesive  performance,  par-
ticularly  for  precision  electronic  devices.  We  measured  the
curing shrinkage of the APU-BRDs and compared it with that
of APU-IBOA. As shown in Fig. S11 (in ESI), APU-PPA exhibited
a  curing  shrinkage  of  2.46%±0.10%,  which  was  lower  than
that  of  APU-IBOA  (3.65%±0.21%).  The  curing  shrinkage  val-
ues  for  APU-EGA,  APU-VAA,  and  APU-ISA  are  5.89%±0.05%,
4.70%±0.10%,  and  6.84%±0.11%,  respectively.  The  higher
shrinkage observed for APU-ISA is attributed to its bifunction-
al groups. The curing shrinkage ranges obtained in this study
are  generally  comparable  to  those  reported  in  the  literature

for  petroleum-based acrylic  systems and acrylate-terminated
polyurethanes, which typically fall between 2% and 10%.[48,49]

The  crosslinking  density  (νe)  of  the  polymer  networks  was
determined using the DMA method, according to Eq. (3). The
DMA curves of APU-BRDs and APU-IBOA are shown in Fig. S12
(in ESI)  and the calculated ve values are listed in  Table S4 (in
ESI). An increase in νe restricts the chain mobility, thereby re-
ducing the deformability of the material under stress and en-
hancing  the  modulus,  as  supported  by  previous
studies.[17,50,51] Among  the  APU-BRDs,  APU-ISA  exhibited  the
highest νe (1831  mol/m3),  attributed  to  its  difunctional
monomer  structure,  which  promoted  a  highly  crosslinked
network. In contrast, APU-VAA also showed a notably high νe

(1550 mol/m3), which can be ascribed to the presence of po-
lar substituents on its aromatic ring, including ―CHO, C＝O,
and ―O― groups. These functional groups act as strong hy-
drogen  bond  acceptors,  forming  hydrogen  bonds  with  the
N―H  groups  in  APU.  Moreover, ―CHO  may  react  with  ure-
thane  groups,  further  enhancing νe and  restricting  the  seg-
mental motion.[52] On the other hand, APU-PPA and APU-EGA
displayed lower νe values of 752 mol·m–3 and 576 mol/m3, re-
spectively,  both  slightly  below  that  of  APU-IBOA  (789
mol/m3).

Gel  content  (GC)  measurements  (Table  S4  in  ESI)  further
support  these  trends.  APU-ISA  with  difunctional  monomer
showed the highest GC (93.40%), while APU-VAA also exhibit-
ed a  high GC (90.83%),  likely  due to  the additional  reactions
involving  the  aldehyde  group.  In  comparison,  APU-PPA  and
APU-EGA presented relatively lower GC values of 86.34% and
83.57%, respectively. These results correlate well with the ob-
served Tg,  indicating  that νe is  the  dominant  factor  influenc-
ing Tg variations. Although EGA contains an allyl group, its UV
reactivity  is  considerably  lower  than  that  of  methacrylate
groups, resulting in partial participation in the crosslinking re-
action during photopolymerization.

The  TGA  and  DTG  results  (Fig.  S13  and  Table  S6  in  ESI)
demonstrated that all APU-BRDs possessed good thermal sta-
bility,  exhibiting  two  distinct  decomposition  stages  in  the
ranges of  270–320 °C and 340–450 °C.  Previous studies have
reported that polyIBOA exhibits relatively poor thermal stabil-
ity,  with  a  maximum  degradation  peak  around  300  °C.[53,54]

However,  when  IBOA  is  copolymerized  with  bifunctional
monomers  to  form  a  cross-linked  network,  the  decomposi-
tion temperature is enhanced.[55] Typically, polyurethanes ex-
hibit  a  maximum  decomposition  temperature  around  400
°C.[56] Based on these findings,  we infer  that the first  decom-
position  stage  is  primarily  attributed  to  the  radical  degrada-
tion  of  the  polymer,  whereas  the  second  stage  corresponds
to the depolymerization of the polyurethane segments. As il-
lustrated in Fig. S13 (in ESI), the decomposition peaks of APU-
BRDs  around  300  °C  are  markedly  lower  than  those  of  APU-
IBOA, whereas the peaks in the 340–450 °C range are higher,
indicating  that  APU-BRDs  have  superior  thermal  resistance
compared to APU-IBOA.

Application for Electronic Watch Packaging

DPRA of APU-BRDs
When  materials  are  used  in  electronic  products  that  come  in
contact with the skin,  it  is  crucial  to assess their  potential  aller-
genicity. The DPRA of APU-BRDs, cysteine (Cys), and lysine (Lys)
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channels were adopted. In the Cys channel (Table S7 in ESI), the
positive  control  exhibited  a  depletion  of  76.18%±1.52%  (SD
<14.9%),  validating  assay  performance.  Control  peptides  A
(0.5087 mmol/L) and C (0.4985 mmol/L) consistently fell  within
the target range (0.45–0.55 mmol/L), while the combined peak-
area  coefficient  of  variation  (CV)  for  Controls  B+C (1.49%)  con-
firmed  high  precision  (<15%  threshold).  test  sample  reactivity
was  minimal,  with  a  depletion  of  1.49%±0.43%  (SD  <14.9%).
Similarly,  in  the Lys  channel  (Table  S8 in  ESI),  the positive  con-
trol  demonstrated  45.73%±1.41%  depletion  (SD  <11.6%),  and
control peptides A (0.5062 mmol/L) and C (0.4998 mmol/L) met
concentration specifications (0.45–0.55 mmol/L). The combined
B+C peak-area CV (1.42%) and sample depletion (1.23%±1.18%,
SD <11.6%) further supported assay reproducibility and negligi-
ble  reactivity.  Together,  these  results  confirm  robust  experi-
mental  conditions  and  reliable  test  outcomes,  with  the  ob-
served reactivity classified as none to minimal.[57]

Lap shear test of APU-BRDs
Because  smartwatch  enclosures  typically  consist  of  a  polycar-
bonate  (PC)  body  and  a  glass  cover,  the  adhesion  behavior  of
APU-BRDs  on  PC-PC,  glass-glass,  and  PC-glass  was  evaluated
(Fig.  5a).  Lap  shear  tests  on  these  three  types  of  materials  re-
vealed  that,  overall,  APU-ISA  and  APU-VAA  exhibited  stronger
bonding than APU-IBOA, whereas APU-PPA performed similarly
to  APU-IBOA.  In  contrast,  APU-EGA  showed  a  relatively  lower
adhesion  strength.  For  all  APU-BRDs,  the  highest  lap  shear
strength  was  achieved  when  both  the  upper  and  lower  sub-
strates were PC, with cohesive failure occurring within the adhe-
sive.  When  both  substrates  were  glass,  the  shear  strength  was
intermediate, and the lowest strength was observed in the PC-
glass  configuration,  where  interfacial  failure  consistently  oc-
curred on the glass side.

Taking  APU-PPA  as  a  representative  example,  the  PC-PC
joint  exhibited  a  maximum  shear  strength  of  (19.02±0.59)
MPa. This can be attributed to the formation of a robust inter-
facial  layer  through  slight  swelling  and  molecular  interdiffu-
sion between APU-BRDs and PC.[58] Furthermore, the relative-
ly  higher  ductility  of  PC  compared  to  glass  enables  elastic-
plastic  deformation  during  shear  loading,  which  mitigates
stress  concentration.  In  contrast,  the  PC-glass  configuration
exhibited  the  lowest  shear  strength  (8.47±0.15  MPa),  likely

owing to the significant mismatch in the elastic modulus and
rigidity between the two substrates. This dissimilarity leads to
an  uneven  stress  distribution  in  the  single-lap  joint  under  a
load. The high stiffness of the glass combined with the com-
pliance of the PC induces bending and generates peel stress
within  the  adhesive  layer.  As  documented  in  the  literature,
such  a  stiffness  mismatch  in  asymmetric  joints  exacerbates
the  interfacial  stress  concentration  and  reduces  joint
strength.[59]

To further explore the potential  applications of  APU-BRDs,
their  shear  performance  was  assessed  when  both  the  upper
and lower substrates were PMMA, PET, PE, aluminum, and ce-
ramic (Fig. S14 in ESI). The results indicate that the APU-BRDs
exhibit favorable adhesion to both PMMA and PET, with shear
strengths  intermediate  between  those  observed  on  PC  and
glass.  In  contrast,  the  adhesion  of  APU-BRDs  to  low-surface-
energy PE is considerably weaker. Aluminum foils and ceram-
ics  are  commonly  used  substrates  in  electronic  devices.  Giv-
en that  neither  aluminum foil  nor  ceramic is  transparent,  UV
curing  is  unsuitable  for  bonding  homogeneous  assemblies.
Therefore,  we  separately  measured  the  shear  strengths  of
heterogeneous  assemblies  with  PC.  Clearly,  the  shear
strength  was  close  to  that  between  PC  and  glass,  and  in  all
cases, failure occurred at the interface with the aluminum foil
or ceramic side (Fig. S14 in ESI).

Wearable  devices  are  frequently  exposed  to  moisture,
sweat, and personal care products during use, making the re-
tention  of  strong  adhesion  critically  important  under  such
conditions.  To  evaluate  this,  lap-shear  specimens  bonded
with APU-BRDs and APU-IBOA were immersed in a saline so-
lution  (0.9%  NaCl)  and  glycerol  for  7  days,  after  which  their
shear  strengths  were  measured  (Fig.  5b).  Following  immer-
sion,  APU-PPA, APU-VAA, and APU-ISA exhibited a decline in
shear  strength  on  PC-glass  assemblies;  however,  all  main-
tained values above 5.0 MPa, which is sufficient to ensure reli-
able adhesion under  realistic  wearable operating conditions.
These formulations were similar to those used for APU-IBOA.
In contrast, APU-EGA, which initially demonstrated the weak-
est  bonding  (only  7.22±1.58  MPa  on  PC-glass),  suffered  the
most substantial reduction in adhesion after exposure, retain-
ing  only  72%  of  its  original  strength  in  glycerol  and  54%  in
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Fig. 5    (a) Shear strength of APU-BRDs and APU-IBOA on different substrates and (b) that of APU-BRDs and APU-IBOA on PC-glass configuration
treated with glycerol and saline solution for 7 days.
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νe

saline. This pronounced loss can be attributed to its inherent-
ly poor interfacial interaction with the substrate and the low-
est  and GC values (Table S4 in ESI). In the presence of polar
media,  such  as  water  or  glycerol,  solvent  molecules  pene-
trate  the  adhesive-glass  interface  and  preferentially  interact
with polar groups on the glass surface, displacing the hydro-
gen  bonds  originally  formed  between  the  adhesive  and  the
substrate.

CONCLUSIONS

In  this  study,  four  novel  bio-based reactive  diluents  (BRDs)  de-
rived from renewable feedstock (piperitol, vanillin, eugenol, and
isosorbide)  were  synthesized.  Structural  characterization  con-
firmed the successful preparation of these BRDs, which exhibit-
ed  viscosities  ranging  from  5.1  mPa·s  to  35.1  mPa·s  and Tg of
their corresponding polymers between 104 °C and 183 °C, effec-
tively  covering and surpassing the  property  ranges  of  conven-
tional diluents such as IBOA and DMAA. An acrylate-terminated
polyurethane (APU) matrix was synthesized using HMDI, PDGA,
and HEA, and its structure was characterized. The incorporation
of 22.5 wt% BRDs into the APU system resulted in a significant
viscosity  reduction  from  3.57×105 mPa·s  to  a  range  of
5.2×104–9.85×104 mPa·s,  corresponding  to  a  viscosity  drop  of
72.4%–85.3%,  performance  comparable  to  that  of  IBOA.  Me-
chanical  testing  of  the  cured  APU-BRDs  systems  revealed  tun-
able  tensile  strength  and  elongation  at  break,  spanning
20.1–33.4 MPa and 82%–470%, respectively.  More importantly,
the  adhesives  demonstrated  a  superior  bonding  performance
on  various  substrates.  The  shear  strength  on  polar  substrates
such as PC reached up to 19.02 MPa. In a simulated smartwatch
assembly (PC-glass bonding), the shear strength exceeded 8.47
MPa, with enhanced resistance to saline and glycerol exposure
compared  with  IBOA-based  reference  systems.  Critically,  DPRA
confirmed the non-irritating nature of the developed APU-BRDs.
These comprehensive results underscore the potential  of  BRDs
as  effective  and  safer  alternatives  to  petroleum-based  diluents
such  as  IBOA  in  this  study  system  and  are  particularly  suitable
for skin-contact electronic device bonding applications.
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