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Abstract   Ultraviolet (UV) curable transparent coatings are widely used in construction; however, achieving a balance between flame retardancy,

transparency,  and mechanical  robustness,  especially  resistance to low-temperature brittleness,  remains a  challenge.  Herein,  we report  a  pho-

tocurable flame retardant coating system based on bis(methacryloyloxyethyl) phosphate (Bis-p) and bio-based phytic acid (PA). The coating pre-

served transparency (more than 85% visible-light transmittance) and a surface hardness (3H up to 10% PA), and maintained visible integrity in

chemical immersion tests while improving mechanical performance. At –20 °C, the tensile strength and fracture toughness of PA5 were more

than twice those of the control coating. It was found that sacrificial hydrogen bonds between the P―OH groups of PA and the Bis-p matrix con-

tribute to reversible physical crosslinking. Under stress, hydrogen bonds break preferentially to dissipate energy, enhancing the toughness with-

out compromising the integrity of the primary network. With increasing PA content, the limiting oxygen index increased from 29.5% to 34.5%.

Samples with 10% and 15% PA achieved UL-94 V-0 rating. Cone calorimetry showed that, compared with PA0, PA15 reduced the peak heat re-

lease rate by 44.38%, smoke production rate by 48.37%, and CO production by 45.79%. An analytic hierarchy process (AHP) confirmed that PA15

reduced the overall fire risk. This study shows that introducing sacrificial hydrogen bonds through a bio-based additive offers a strategy for de-

signing UV curable transparent coatings that overcome the trade-off between toughness and other essential properties.
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INTRODUCTION

UV-curable coatings are attractive for construction, automotive,
and  electronic  applications  because  they  cure  rapidly,  require
low  energy  input,  and  can  be  formulated  without  solvents.[1,2]

Transparent UV curable coatings are particularly useful for archi-
tectural  applications  because  they  protect  wood,  glass,  and
polycarbonate substrates while preserving their appearance.[3−5]

However,  most  UV-curable  resins  are  flammable,  which  limits
their  use in buildings with fire  safety requirements.[6−9] Adding
flame  retardants  is  a  common  approach  to  improve  fire  resis-
tance,  but this often reduces the transparency and mechanical
properties.[10−14] High loadings of conventional flame retardants
can cause light scattering or phase separation, lowering the op-
tical  clarity.[15−19] In  addition,  highly  crosslinked UV cured coat-
ings tend to be brittle and crack easily,  particularly at low tem-

peratures,  which  restricts  their  outdoor  use  in  cold
climates.[20−22] The challenge is to improve both flame retardan-
cy  and  toughness  without  losing  transparency,  hardness,  or
chemical resistance.[3,23,24]

Recent  studies  have  attempted  to  combine  optical  trans-
parency,  flame retardancy,  and mechanical  robustness  using
different  material  designs.  Ye et  al.  developed  a  thermally
cured phosphorus/nitrogen-containing epoxy vitrimer with a
transmittance of 85.9% at 700 nm, a toughness of 2.3 MJ/m3,
an LOI of 32.6%, and a UL-94 V-0 rating.[25] For UV-curable sys-
tems, Li et al. prepared cardanol-derived phosphorus-contain-
ing  acrylate  coatings  that  retained  high  transparency  and
achieved a tensile strength of  14.81 MPa,  although low-tem-
perature  mechanical  performance  was  not  reported  in  that
study.[24] Zhang et al. reported a biomimetic nanoporous fire-
resistant  coating  with  visible-light  transparency  above  97%,
while Ma et al. obtained a transparent PLA/PHEMAP film with
an  LOI  of  28%  and  a  UL-94  V-0  rating  at  only  0.5  wt%
PHEMAP.[26,27] These  examples  demonstrate  several  effective
routes  for  balancing  optical  transparency  and  fire  safety,  in-
cluding refractive-index matching, nanoporous structural de-
sign, and compatible phosphorus-containing networks.
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Nevertheless,  mechanical  reinforcement  in  transparent
flame retardant  systems is  generally  characterized at  or  near
room  temperature,  and  low-temperature  toughness  has
rarely  been  reported.  Dynamic  hydrogen-bond  networks
have  improved  the  tensile  strength,  self-healing  capability,
and fire safety of UV-curable polyurethane-urea acrylates and
phytic-acid-containing  thermoplastic  polyurethane,[22,24,28]

However these systems do not simultaneously address trans-
parency,  flame  retardancy,  and  mechanical  performance  at
sub  ambient  temperatures.  Therefore,  the  behavior  of  trans-
parent,  highly  crosslinked  UV-curable  flame-retardant  coat-
ings at −20 °C remains insufficiently understood.

In  transparent  UV-curable  coatings,  the  rapid  photopoly-
merization reaction creates highly crosslinked networks,  that
are inherently brittle.[29,30] As shown in this study, the unmod-
ified  Bis-p  control  (PA0)  underwent  brittle  fracture  at –20  °C
and  lost  its  mechanical  integrity  after  UV  aging.  To  address
this, we used bio-based phytic acid (PA) to form a dynamical-
ly reversible sacrificial hydrogen-bond network with the Bis-p
matrix. PA contains six phosphate groups (28 wt% P) and has
been studied as  a  green flame retardant.  The P―OH groups
of  PA  can  form  hydrogen  bonds  with  polar  groups  in  the
polymers. From a molecular perspective, the multiple P―OH
groups of PA can act as hydrogen-bond donors, whereas the
ester carbonyl and phosphoryl oxygen atoms in Bis-p can act
as hydrogen-bond acceptors. Similar PA-mediated hydrogen-
bonding  interactions  with  carbonyl-containing  polymer
chains  have  been  reported  in  PA-containing  polyurethane
and  photopolymerized  acrylic/acrylamide  networks.[31] This
offers a way to introduce reversible crosslinks that break un-
der  stress  to  dissipate  energy  and  then  re-form,  enhancing
the toughness without permanent damage to the network. A
recent  study by Huang et  al.  showed that  PA can form a  dy-
namic  hydrogen  bond  network  in  thermoplastic
polyurethane,  improving  both  ductility  and  fire  safety.[28]

However,  the  incorporation  of  PA  into  highly  crosslinked,
phosphorus-rich  UV  curable  systems,  such  as  Bis-p  has  not
been reported.

In  this  study,  PA  was  incorporated  into  Bis-p  UV-curable
resin  to  construct  a  sacrificial  hydrogen-bond  network.  This
design  was  intended  to  enhance  flame  retardancy  through
the  phosphate-rich  structure  of  PA,  preserve  transparency
through  improved  compatibility,  suppress  large-scale  phase
separation,  and  improve  toughness  at  low  temperatures
through  reversible  energy-dissipating  interactions  while
maintaining  the  hardness  and  chemical  resistance  required
for  coating  applications.  Coatings  with  different  PA  loadings
were  prepared  and  evaluated  systematically.  A  multi-criteria
analytic  hierarchy  process  was  further  employed  to  assess
overall fire safety.[32]

EXPERIMENTAL

Materials
Bis(2-(methacryloyloxy)ethyl)  phosphate  (Bis-p)  was  purchased
from  Bailingwei  Technology  Co.,  Ltd.  (Beijing,  China).  A  phytic
acid solution (70 wt% in water) and 2-hydroxy-2-methylpropio-
phenone  (purity  ≥97%)  were  obtained  from  Shanghai  Aladdin
Biochemical  Technology  Co.,  Ltd.  (Shanghai,  China).  A  UV  cur-

ing lamp (365 nm, 100 W) was supplied by the Zhongshan Tian-
dou  Lighting  Electrical  Factory  (Zhongshan,  China).  All  chemi-
cals were used as received, unless otherwise specified.

Preparation of Flame Retardant Coatings
Bis-p and phytic acid solutions were weighed according to the
formulations listed in Table S1 (in the electronic supplementary
information,  ESI)  and mixed in  an aluminum foil  cup.  The mix-
ture was degassed and dried in a vacuum oven at 50 °C for 1 h
to  remove  the  water  and  bubbles.  After  cooling  to  room  tem-
perature,  3  wt%  of  2-hydroxy-2-methylpropiophenone  was
added, followed by thorough stirring and an additional 30 min
degassing step.  The mixture was poured into a 100 mm × 100
mm  ×  3  mm  glass  mold  and  cured  under  UV  light  for  60  s  at
room temperature. The samples are denoted as PA0, PA5, PA10,
and PA15 according to the nominal PA content.

Characterization
Fourier  transform  infrared  (FTIR)  spectra  were  recorded  on  a
Nicolet  iS50  spectrometer  using  KBr  pellets  over  the  range  of
4000–400 cm–1. Variable-temperature FTIR was performed on a
Shimadzu  IR  Tracer-100  instrument  with  a  heating  stage  from
50 °C to 250 °C. Scanning electron microscopy (SEM) and ener-
gy-dispersive  X-ray  spectroscopy  (EDS)  images  were  obtained
using  a  ZEISS  Sigma  360  microscope.  The  samples  were  then
sputter  coated  with  gold.  The  limiting  oxygen  index  (LOI)  was
measured on an HC-2 instrument according to ASTM D2863-97
using  100  mm  ×  6.5  mm  ×  3  mm  specimens.  UL-94  vertical
burning  tests  (UL-94)  were  performed  on  a  CZF-2  instrument
following  ASTM  D3801  with  a  specimen  size  of  100  mm  ×  13
mm × 3 mm.

Thermogravimetric  analysis  (TGA)  was  carried  out  on  a
Mettler Toledo TGA2 under air or nitrogen at 30 mL/min from
25 °C to 800 °C at 10 °C/min. Cone calorimetry (CCT) was con-
ducted according to ISO 5660 on a  Suzhou Huichuan instru-
ment at a heat flux of 35 kW/m2 with a specimen size of 100
mm  ×  100  mm  ×  3  mm.  TG-IR  analysis  was  performed  on  a
TGA  Q5000  coupled  with  a  Nicolet  6700  FTIR  spectrometer
under  nitrogen  at  20  mL/min  from  25  °C  to  800  °C  at  20
°C/min. Raman spectra of the char residues were collected us-
ing a LabRAM HR Evolution microscope with a 532 nm laser.
X-ray  photoelectron  spectroscopy  (XPS)  was  performed  us-
ing  a  Thermo  Escalab  250  Xi  instrument.  Solid-state  31P
CP/MAS  NMR  spectra  were  recorded  to  evaluate  changes  in
the  phosphorus  chemical  environment  after  curing.  Atomic
force  microscopy  (AFM)  was  used  to  examine  the  surface
morphologies  and  phase  structures  of  the  cured  coatings.
Optical  transmittance  and  haze  spectra  were  measured  to
evaluate the transparency and light-scattering behavior.

Tensile  tests  were  conducted  on  a  CMT5105  universal
tester  at  2  mm/min  according  to  GB/T  1447-2005  using
dumbbell  specimens,  with  each set  of  data  representing the
average  of  three  replicates.  The  surface  hardness  was  mea-
sured using pencil testers following GB/T 6739-2006 at (23±2)
°C  with  50  mm  ×  50  mm  ×  3  mm  specimens.  Transparency
was  evaluated  using  a  Shimadzu  UV-3600  spectrophotome-
ter.  Dynamic mechanical  analyzer (DMA) testing:  the storage
modulus,  loss  modulus,  and  loss  factor  of  the  samples  were
measured using a DMA850 (TA Instruments, USA) instrument
at a frequency of 1 Hz.
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RESULTS AND DISCUSSION

Characterization of Flame Retardant Coatings
Fig. 1(a) shows the preparation flowchart and schematic of the
photocured  microstructure,  illustrating  how  PA  forms  hydro-
gen bonds with the Bis-p network. The FTIR spectra in Fig. 1(b)
confirm  the  incorporation  of  PA.  The  C＝O  peak  at  approxi-
mately  1716  cm–1 from  Bis-p  remained  unchanged,  while  the
characteristic  peaks  of  PA,  including  P＝O  at  approximately
1155  cm–1 and  P―O―C  at  approximately  973  cm–1 increased
with increasing PA content.  No additional  covalent-bond-relat-
ed peaks were observed, suggesting that PA interacted with the
matrix  primarily  through  hydrogen  bonding  rather  than  a
chemical reaction.

Variable-temperature FTIR and two-dimensional (2D) corre-
lation spectroscopy were used to probe the dynamics of  the
hydrogen bonds in PA10 as shown in Figs. 1(c) and 1(d).[33] At
25  °C,  the  synchronous  spectrum  exhibited  a  strong  correla-
tion between P＝O vibrations in the range of 1150 –200 cm–1

and  the  C＝O  vibration  region  (1700–1750  cm–1),  indicating
stable hydrogen bonding between the phosphate groups of
PA and the  carbonyl  groups  of  Bis-p.  As  the  temperature  in-
creased  to  150  °C,  the  C＝O  bond  shifted  toward  higher
wavenumbers,  which  is  consistent  with  the  less  hydrogen-
bonded  state.  The  P＝O  region  also  began  to  display  free-
state  character,  suggesting  partial  dissociation.  The  asyn-
chronous  spectrum  at  150  °C  displays  cross-peaks  between
the phosphate and carbonyl regions.

According  to  Noda’s  rule  for  generalized  two-dimensional
correlation spectroscopy,[34] the signs of the synchronous and
asynchronous  cross-peaks  at  approximately  1155  and  1716
cm–1 suggest  that  the  phosphate-associated  band  responds
to heating before the carbonyl-associated band does. This se-
quential  spectral  response is  consistent  with the preferential
perturbation and progressive weakening of PA-associated hy-
drogen-bonding interactions.  When the DMA and tensile  re-
sults are combined, these dynamic interactions may serve as
sacrificial  physical  bonds that  contribute to the energy dissi-
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Fig. 1    (a) Schematic diagram of the synthesis mechanism, showing the formation of hydrogen bonds between PA and the Bis-p network; (b) FTIR
spectra of PA additive, PA0, PA5, PA10, and PA15 samples; (c) Synchronous and (d) asynchronous 2D correlation FTIR spectra of PA10 sample during
heating from 25 °C to 250 °C, revealing the sequential dissociation of hydrogen bonds; (e) Solid-state 31P CP/MAS NMR spectra of PA5, PA10 and
PA15; (f) UV-Vis spectra and photographs demonstrating the optical transparency of all samples; (g) Optical images of PA0 (label 1) and PA10 (label
2) after immersion in 1 mol/L HCl and 1 mol/L NaOH for 1, 3, 7, 15, and 30 days; (h) Pencil hardness and Shore hardness of PA0, PA5, PA10, and PA15
samples.
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pation during deformation.  It  should be noted that  variable-
temperature  FTIR  analysis  does  not  directly  monitor  the  hy-
drogen  bond  dissociation  during  tensile  deformation.  Al-
though  PA0  also  exhibited  temperature-dependent  cross-
peaks  (Fig.  S1  in  ESI),  it  lacked  the  PA-associated
phosphate–carbonyl  correlation  observed  in  PA10,  support-
ing the  assignment  of  this  additional  dynamic  interaction to
the incorporation of PA.

Solid-state 31P  CP/MAS  NMR  was  performed  to  examine
whether  PA generated a  new phosphorus  chemical  environ-
ment after incorporation into the Bis-p network. As shown in
Fig.  1(e),  PA5,  PA10,  and PA15 exhibit  similar 31P resonances
at  approximately  0  ppm,  and  no  additional  phosphorus  sig-
nal  appears  with  increasing  PA  content.  This  result  indicates
that the phosphorus environment of PA was retained after its
incorporation  into  the  Bis-p  network.  To  incorporate  a  func-
tional modifier into a transparent coating, it is essential to de-
termine  whether  the  key  properties  of  the  base  material  are
retained.

All  the  PA-containing  coatings  remained  highly  transpar-
ent, as shown in Fig. 1(f). The patterns on the back of the pan-
els  are  clearly  visible,  indicating  no  marked  increase  in  light
scattering  under  the  tested  conditions.  The  UV-Vis  spectra
confirmed a high transmittance of more than 85% in the visi-
ble  region.  As  shown  in  Fig.  S2  (in  ESI),  the  haze  of  all  the
coatings decreased with increasing wavelength, and PA15 ex-
hibited  the  lowest  haze  across  the  visible  region,  indicating
that  the  increased  PA  content  did  not  induce  severe  light
scattering  and  that  good  optical  clarity  was  maintained.  As
shown  in  Fig.  S3  (in  ESI),  this  high  transparency  was  main-
tained  even  after  60  h  of  UV-aging  testing.  The  hydrogen-
bonding interactions improved the compatibility between PA
and the Bis-p matrix and suppressed continuous micron-scale
phase separation under the tested conditions.

As shown by the AFM results in Fig. S4 (in ESI), PA5 possess-
es  a  relatively  uniform  surface  with  only  a  small  number  of
isolated  protrusions.  In  contrast,  PA10  exhibits  local  protru-
sions  and  depressions  with  a  distinct  phase  contrast,  which
reflects  local  surface  inhomogeneity  or  mild  aggregation  of
the  material.  PA15  features  more  severe  surface  undulation
and higher roughness, yet no continuous micron-scale phase-
separated domains  are  observed in  its  phase  image.  Even at
15  wt%  PA  loading,  no  continuous  micron-scale  separated
domains were captured in the phase images,  which explains
why  PA15  still  maintained  low  haze  and  high  transmittance
without obvious light scattering.

The  chemical  tolerance  was  evaluated  by  immersing  the
samples in 1 mol/L HCl and 1 mol/L NaOH for up to 30 days,
and  images  were  recorded  after  1,  3,  7,  15,  and  30  days,  as
shown in Fig. 1(g). The PA0 coating exhibited visible degrada-
tion and discoloration, whereas PA10 retained its macroscop-
ic  appearance throughout  the test.  A  similar  visual  retention
was observed after exposure to the selected organic solvents,
as  shown  in  Fig.  S5  (in  ESI).  This  behavior  is  consistent  with
enhanced network integrity associated with hydrogen bond-
ing  and  improved  matrix  compatibility.  In Fig.  1(h),  pencil
hardness was 3H for PA0–PA10 and decreased to 2H for PA15.
Shore hardn-ess decreased from 87.7 to 76.2 with increasing
PA content, consistent with plasticization.

Mechanical Properties
DMA was used to  evaluate  the effect  of  PA on the viscoelastic
behavior  of  the cured coatings.  As  shown in Fig.  2(a),  the stor-
age moduli  of  the samples decreased across the test  tempera-
ture  range  as  the  PA  content  increased.  At  room  temperature,
the  storage  modulus  of  PA0  was  2121.0  MPa,  whereas  that  of
PA15  dropped  to  721.9  MPa.  This  indicates  that  the  small  PA
molecules disrupted the original crosslinked network, leading to
a  reduction  in  the  dynamic  stiffness  of  the  coatings.  The  loss
modulus curves in Fig.  2(b)  reflect  the evolution of  the viscous
response  of  the  coating.  As  the  PA  content  increased,  the  loss
modulus  exhibited  an  overall  downward  trend  across  the  test
temperature  range,  suggesting  that  the  introduction  of  PA
molecules reduced the internal frictional resistance between the
polymer chains. This is consistent with the plasticizing effect of
PA,  whereby  PA  weakens  the  strong  crosslinking  within  the
polymer  matrix,  increases  the  free  volume  of  the  system,  and
promotes  the  relaxation  movement  of  the  polymer  segments
under heat.

The tanδ curves in Fig. 2(c) show that with the introduction
of PA, the loss peak increased, while the glass transition tem-
perature  (Tg)  shifted  toward  lower  temperatures.  This  con-
firmed that the plasticizing effect of PA enhanced the mobili-
ty and viscoelastic response of the polymer chains. As shown
in Fig. 2(d), as the PA content increases, the crosslinking den-
sity of the coatings decreases, while the molecular weight be-
tween  the  crosslinking  points  increases,  providing  structural
evidence for the formation of a plasticized network.

As shown in Fig. 2(f) owing to plasticization of the network
structure,  the  peak  stress  at  room  temperature  decreased
with increasing PA content. The fracture toughness values for
the  samples  are  as  follows:  PA0  at  1.05  MJ/m3,  PA5  at  1.12
MJ/m3,  PA10 at 0.95 MJ/m3,  and PA15 at 0.91 MJ/m3.  This in-
dicates that the addition of PA did not significantly decrease
fracture toughness. Meanwhile, the elongation at break grad-
ually  increased,  exhibiting  the  characteristics  of  reduced
strength  and  enhanced  ductility.  It  is  worth  noting  that  at  a
low temperature of –20 °C, as shown in Figs. 2(e) and 2(g), all
samples  containing  PA  outperformed  the  control  sample  in
terms of tensile strength and fracture toughness. Specifically,
samples with the PA additive exhibited tensile strengths that
were  more  than  double  that  of  the  PA0  sample.  The  tensile
strength  and  fracture  toughness  of  PA5  were  2.24  and  2.16
times  those  of  PA0,  respectively.  Demonstrating  that  PA  ef-
fectively suppressed cold brittleness and improved low-tem-
perature  toughness.  At −20  °C,  segmental  mobility  in  the
highly crosslinked PA0 network was strongly restricted, lead-
ing to stress concentration and brittle fracture.

The  incorporation  of  PA  reduces  the  effective  crosslink
density and introduces reversible phosphate–carbonyl hydro-
gen  bonds.  Under  load,  these  weaker  physical  interactions
can dissociate before rupture of the covalent network, there-
by dissipating energy and delaying crack propagation, where-
as  the  permanent  network  preserves  macroscopic  integrity.
The enhanced tensile strength and fracture toughness of PA5
and PA10 at −20 °C, together with the DMA and variable-tem-
perature  FTIR/2D-correlation  results,  are  consistent  with  this
sacrificial  bond  mechanism.  Nevertheless,  the  FTIR  experi-
ment probes thermal perturbation rather than bond dissocia-
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tion during tensile deformation; therefore, the mechanistic in-
terpretation  is  presented  as  evidence-supported  rather  than
direct in situ proof.  After 24 h of UV aging, PA5 and PA10 re-
tained tensile  strengths close to or  above their  initial  values,
whereas PA15 showed a lower retention ratio (Fig. S6 in ESI),
indicating that moderate PA loadings provided a more favor-
able balance between the initial strength and short-term ag-
ing resistance.

Flame Retardancy and Mechanism
TGA was used to compare the thermal-decomposition behavior
of  the coatings under air  and nitrogen atmospheres (Fig.  S7 in
ESI).[35] The  PA-containing  samples  began  to  decompose  at
slightly lower temperatures than PA0, while their peak mass-loss
rates were reduced. Under nitrogen, the residual mass at 800 °C
increases with increasing PA content. These results indicate that
PA promotes earlier decomposition but favors char formation at
elevated temperatures.

The UL-94 vertical burning test results, shown in Fig. 3(a), il-
lustrate  that  the  unmodified  PA0  sample  burned  with  drip-
ping  and  received  no  rating.  In  contrast,  the  samples  with
10% and 15% PA achieved a  V-0  rating with immediate  self-
extinguishing and no dripping. As shown in Fig. 3(b), the LOI
values  progressively  increased  with  increasing  PA  content,
demonstrating the flame-retardant efficacy of PA. The LOI in-
creased from 29.5% in the control sample to 34.5% with 15%
PA  loading.  This  5.0-percentage-point  increase  placed  PA15
in  the  self-extinguishing  category.  This  indicates  that  a  rela-
tively modest PA loading of 10% was sufficient to impart the

highest  flame-retardant  classification.  The  photographic  se-
quences in Figs. S8 and S9 (in ESI) show that PA10 and PA15
self-extinguished after two flame applications after 24 h of UV
aging, with no obvious flaming dripping visible in the record-
ed images.

Cone  calorimetry  provided  quantitative  insights  into  the
combustion  behavior  under  forced  flame  conditions,  as
shown  in Figs.  3(c)–3(h).  These  results  demonstrate  that  the
flame-retardant  action  of  PA  is  multifaceted.  In  general,  a
higher  PA  loading  led  to  lower  heat  release  and  smoke  pro-
duction.  Specifically,  compared  to  the  control  PA0  sample,
the  15%  PA  formulation  reduced  the  peak  heat  release  rate
by  44.38%,  smoke  production  rate  by  48.37%,  total  smoke
production by 34.27%, and CO production by 45.79%. These
substantial reductions demonstrate that the sacrificial hydro-
gen  bond  network  does  not  interfere  with  the  char-forming
process, which underpins flame retardancy and may even en-
hance it.

The  char  residues  after  cone  calorimetry  revealed  a  pro-
gressive  change  in  the  char  morphology  with  increasing  PA
content.  PA0  produced  a  fragmented  and  porous  residue,
whereas  the  PA15  char  was  smoother  and  more  continuous
(Fig. 4a and Fig. S11 in ESI). The intermediate samples showed
the same trend: PA5 retained a more porous structure, where-
as PA10 formed a denser and more continuous char layer (Fig.
S11  in  ESI).  EDS  mapping  further  showed  that  phosphorus
was  distributed  throughout  the  PA-containing  residues,
which is consistent with the presence of phosphorus-contain-
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Fig. 2    (a) Storage modulus, (b) loss modulus, and (c) loss factor (tanδ) curves as a function of temperature for PA0, PA5, PA10, and PA15 samples;
(d) Crosslink density (νe) and molecular weight between crosslinks (Mc) for transparent coatings as functions of PA content; (e) Typical tensile stress-
strain curves for all samples at –20 °C; (f) Room temperature tensile strength, fracture toughness, and elongation at break for all samples; (g) Tensile
strength, fracture toughness, and elongation at break for all samples at –20 °C.
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ing species in the condensed-phase char.
XPS  analysis  provides  more  detail,  as  shown  in Figs.4(b),

4(c) and Fig. S12 (in ESI). The PA15 char shows a stronger P 2p
signal  than  PA0,  again  confirming  phosphorus  enrichment.
The C 1s spectra show that both chars contain graphitic  car-
bon, indicated by the peak at 284.8 eV, but the proportion is
higher  in  PA15.  This  indicates  better  graphitization,  which  is
consistent with the lower ID/IG ratio observed in Raman spec-
tra, as shown in Figs. S10(i)–S10(l) (in ESI). More graphitic car-
bon  means  better  thermal  stability.  The  P  2p  spectrum  for
PA15  shows  peaks  around  133.8  eV,  which  correspond  to
polyphosphates  or  phosphate  esters,  the  kinds  of  com-
pounds that  form a glassy protective layer.  The same hydro-
gen bonds identified above appear to play a role in char for-
mation. When heated, these bonds break in a controlled way,
allowing  PA  to  redistribute  and  react  with  the  decomposing
Bis-p  matrix.  It  explains  why  even  15%  PA  produces  such  a
uniform char, as the hydrogen bonds keep PA well-dispersed
until they are needed.

Thermogravimetry-infrared  (TG-IR)  spectroscopy  was  used
to  observe  the  volatiles  released  during  decomposition.  The
3D  spectra  in Figs.  4(d)  and  4(e)  show  that  PA15  releases
much  fewer  total  volatiles  than  PA0.  The  main  products,  in-
cluding  hydrocarbons,  CO2,  carbonyls,  and  aromatics,  were
the  same  in  both  samples,  as  shown  in Figs.  4(f)  and  4(g).
These results suggest that PA mainly reduces the evolution of
combustible  volatile  products,  rather  than  fundamentally
changing  the  decomposition  pathway.  The  absorbance  pro-
files  in Fig.  4(h)  further  demonstrate  the  suppressed  evolu-
tion of total volatiles, CO, and hydrocarbons from PA15 com-
pared  with  PA0,  which  is  consistent  with  the  45.79%  and
38.34%  reductions  in  CO  and  CO2 production,  respectively,
observed  by  cone  calorimetry.  Notably,  this  gas-phase  sup-
pression occurs in tandem with the condensed-phase mecha-
nism. The formation of a dense char layer physically impedes
the volatilization of combustible gases, thereby reducing the
fuel  supply  to  the  flame.  This  demonstrates  the  synergistic
flame-retardant effect originating from a single structural fea-
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Fig. 3    (a) Snapshots from UL-94 vertical burning tests of PA0, PA5, PA10, and PA15; (b) LOI values for all samples; (c) CO2 production rate (CO2P),
(d)  CO  production  rate  (COP),  (e)  heat  release  rate,  (f)  total  smoke  production,  (g)  smoke  production  rate,  and  (h)  total  heat  release  from  cone
calorimetry for all samples.
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ture.  The  PA5  and  PA10  spectra  in  Fig.  S13  (in  ESI)  contain
H2O, CO2,  hydrocarbon, carbonyl, aromatic, and phosphorus-
containing  signals  at  the  selected  temperatures,  indicating
that the intermediate formulations produced the same major
classes of volatile products.

To further assess the practical fire protection performance,
two fire simulation tests were conducted. Wood panels coat-
ed with PA0 and PA15 at a thickness of 2 mm were exposed
to  a  gas  burner  flame  on  the  coated  side,  and  the  backside
temperature  was  monitored,  as  shown in Figs.  5(a)  and 5(b).
After  the same burning time,  the backside of  the PA15-coat-
ed panel was significantly cooler, indicating that the char lay-
er acted as a thermal barrier. Small wooden houses, including
one  uncoated  house,  one  coated  with  PA0,  and  one  coated

with PA15, had a flame applied to the same spot on each roof
for  30  s  and  then  removed,  as  shown  in Figs.  5(c)–5(e).  The
uncoated  house  continued  to  burn  until  it  was  completely
destroyed.  Both  coated  houses  self-extinguished  within  5  s.
However, it is clear that the roof of the house coated with the
PA0  coating  was  burned  through,  forming  an  obvious  hole.
This  indicates  that  the  protective  effect  of  the  PA0  coating
was  limited.  The  PA15-coated  house  had  a  more  intact  char
layer at the ignition site, which adhered to the wood and pre-
vented reignition. These results verify the practical viability of
the coating in realistic fire scenarios.

Multi-criteria Evaluation
No  single  fire-performance  metric  can  comprehensively  repre-
sent  material  fire  safety.  A  material  might  have  a  high  LOI  but
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Fig. 4    (a) SEM images of char residues after cone calorimetry for PA0 and PA15, with corresponding EDS mapping results; (b) XPS survey and (c)
high-resolution C 1s and P 2p XPS spectra of char residues for PA0 and PA15 samples; TG-IR 3D spectra of volatiles released during decomposition
of (d) PA0 and (e) PA15 samples; FTIR spectra of volatiles at different pyrolysis temperatures for (f) PA0 and (g) PA15 samples; (h) Absorbance of total
volatiles, CO, hydrocarbons, and H2O as functions of time/temperature for all transparent coatings.
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produce large amounts of smoke, or it  might self-extinguish in
the UL-94 test but release toxic gases. To obtain a complete pic-
ture,  we used the analytic  hierarchy process  (AHP)  to combine
12 different  measurements  into one overall  score,  as  shown in
Fig.  6(a).[36] We  assigned  weights  to  each  parameter  based  on
what matters the most for safety. Toxic production received the
highest  first-level  weight,  followed  by  ignition  and  spreading,
heat  release,  smoke  production,  and  thermal  stability.  The
weight assignments were checked for consistency, and all con-
sistency ratios were below 0.1, as shown in Tables S2–S7 (in ESI).
All the data were normalized to a scale of 0.1 to 1.0, so that dif-
ferent units could be compared.[37−39]

The  AHP  results  are  shown  in Figs.  6(b)–6(e).  Overall,  fire
safety increased with PA content, with PA15 scoring the high-
est.  Looking  at  the  individual  components  in Figs.  6(d)  and
6(e),  PA15  obtained  near-perfect  scores  for  the  most  impor-

tant parameters,  namely, peak CO production and peak heat
release  rate.  This  result  suggests  that  the  dense  char  barrier
we identified was the main reason for improved safety. PA15
scored lower on thermal stability, for example, onset temper-
ature,  because  PA  catalyzed  earlier  degradation.  This  is  a
common trade-off in phosphorus flame retardants. However,
because the thermal stability was weighted low at 6.4% in our
model,  it  did not  outweigh the gains in  toxicity  and heat  re-
lease.  The  radar  chart  in Fig.  6(e)  shows  a  shift  from  a  spiky
profile for PA0, which is good in some ways but bad in others,
to  a  balanced  profile  for  PA15,  which  is  good  across  the
board.  Benchmarking against  other  flame-retardant  systems,
as shown in Fig. 6(f), indicates that PA10 compares well, with
a high LOI, low peak heat release rate, excellent transparency,
and  the  added  benefits  of  solvent-free  processing  and  rapid
curing.[40−45] Thus,  the  AHP  analysis  quantitatively  confirms
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Fig.  5    Backside  temperature  measurement  during  direct  flame  test  on  wood  panels  coated  with  (a)  PA0  and  (b)  PA15  coatings;  (c)  Uncoated
wooden  house  after  30  s  flame  application,  showing  continued  burning  and  destruction;  (d)  PA0-coated  house  after  flame  removal,  self-
extinguished with moderate char formation; (e) PA15-coated house after flame removal, showing intact char layer adhered to wood and superior
protection.
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that  PA  incorporation  improves  the  fire-safety  parameters
most relevant to practical risk reduction. A one-at-a-time sen-
sitivity  analysis  further  showed that  increasing or  decreasing
each  first-level  criterion  weight  by  20%  did  not  change  the
AHP  ranking,  with  PA15  remaining  the  top-ranked  formula-
tion in all scenarios (Table S12 in ESI), confirming that the fire-
safety  conclusion  is  robust  within  the  tested  weighting
range.[46]

CONCLUSIONS

A  transparent  UV-curable  flame-retardant  coating  was  devel-
oped by incorporating bio-based PA into a  Bis-p photocurable
resin.  The  design  exploits  sacrificial  hydrogen  bonds  between
the P―OH groups of PA and the Bis-p matrix.  These reversible
physical  crosslinks  coexist  with  the  permanent  covalent  net-
works. The variable-temperature FTIR, 2D-correlation, DMA, and
tensile  results  support  a  sacrificial  hydrogen-bond  mechanism
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Fig. 6    (a) Twelve fire safety metrics used in the AHP model, covering ignition, heat release, smoke, toxicity, and thermal stability parameters; (b)
Weight  distribution  of  each  metric  based  on  life  safety  priorities;  (c)  Comprehensive  fire  safety  scores  of  PA0,  PA5,  PA10,  and  PA15,  showing
progressive  increase  with  PA  content;  (d)  Normalized  scores  for  the  highest-weighted  parameters,  peak  CO  production  (PCOP)  and  peak  heat
release rate (PHRR); (e) Radar chart comparing performance profiles of all samples; (f) Benchmarking of PA10 sample against other flame retardant
systems from recent literatures, highlighting its high LOI, low PHRR, excellent transparency, and solvent-free rapid photocuring process.
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that  contributes  to  energy  dissipation.  Under  low-temperature
tensile loads, these dynamic hydrogen bonds preferentially dis-
sociate to relieve concentrated stress and block crack extension,
which distinguishes this  mechanically  activated bond cleavage
from  the  thermally  induced  dissociation  captured  by  FTIR  and
fully  rationalizes  the  doubled  tensile  strength  and  fracture
toughness of PA-modified coatings at −20 °C.  AFM and optical
analyses indicated that  PA incorporation did not  produce con-
tinuous  micron-scale  phase-separated  domains,  allowing  the
coatings  to  maintain  a  visible-light  transmittance  above  85%.
The pencil hardness remained at 3H up to a PA loading of 10%.
PA  can  promote  the  formation  of  dense,  phosphorus-rich,
graphitized char during combustion, which serves as a physical
barrier. The LOI increases from 29.5% for PA0 to 34.5% for PA15.
PA10  and  PA15  attained  UL-94  V-0  ratings.  Compared  to  PA0,
PA15 significantly reduced the heat release and smoke produc-
tion.  A  multi-criteria  evaluation  based  on  AHP  confirms  that
PA15 enhances overall fire safety, achieving near-perfect scores
for the highest-weighted parameters of peak CO and peak heat
release rate. This research demonstrates that introducing sacrifi-
cial hydrogen bonds through a simple bio-based additive is an
effective  strategy  for  designing  UV-curable  transparent  coat-
ings  with  outstanding  low-temperature  toughness  and  fire  re-
sistance.
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Transparent UV Cured Coatings Enabled by Biomass Phytic Acid with Enhanced Flame Retardancy and
Low Temperature Toughness

Yu Yu, Sheng-Hua Yang, Hong-Yu Yuan, Feng Liu, Xia-Ming Feng, Hong-Yu Yang, and Chao-Jun Wan
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Biomass derived phytic acid constructs sacrificial H-bond networks in transparent UV curable coatings, overcoming flame
retardancy-toughness trade-off with UL-94 V-0 rating and improved low temperature toughness.
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