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Abstract   The flame-retardant monomer PG (P) was synthesized from diethylphosphinic acid and glycidyl methacrylate (GMA). Simultaneously,

the phosphorus-containing flame-retardant monomer, TAEP (T), was synthesized from phosphorus oxychloride and 2-hydroxyethyl acrylate. A 50

µm thick transparent UV-cured coating, designated MAAR-P8T4, was successfully constructed on 0.5 mm thick polycarbonate (PC) films by blend-

ing PG and TAEP with melamine acrylate resin (MAAR). The fabricated coating demonstrated a high transmittance of 91.9% in the visible-light

spectrum. The incorporation of monofunctional PG effectively regulated the system viscosity and mitigated curing shrinkage stress. Furthermore,

the synergistic action of phosphorus in different valence states and nitrogen from MAAR imparted a dual gas-phase-condensed phase flame-

retardant mechanism to the coating, enabling the PC substrate to attain a V-0 rating in the UL-94 vertical burning test. This research indicates that

the MAAR-P8T4 coating engineered via molecular design and component optimization concurrently overcomes the limitations of PC, namely its

low surface hardness and inherent flammability. A straightforward and efficient preparation strategy provides a practical approach for transpar-

ent flame-retardant coatings for electronic and electrical applications.
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INTRODUCTION

Polycarbonate  (PC),  a  high-performance  thermoplastic  engi-
neering polymer,  is  considered indispensable across numerous
industrial  sectors  owing to  its  exceptional  comprehensive  pro-
perties and is extensively utilized in fields such as electrical and
electronic  appliances,  automotive  manufacturing,  and  safety
protection.[1,2] Its  principal  merit  is  derived  from  its  simultane-
ous possession of superior impact toughness, outstanding opti-
cal  transparency,  and favorable thermal stability.  These distinc-
tive  strengths  make  PC  an  irreplaceable  material  in  scenarios
demanding high transparency coupled with high impact  resis-
tance.[3−5] Nevertheless,  under unmodified conditions,  PC is  as-
sociated with a notable hazard of melting and dripping during
combustion,  potentially  igniting  other  combustible
substances.[6−8] This intrinsic combustion characteristic severely
constrains  its  application  in  critical  areas,  where  fire  safety  re-

quirements  are  extremely  rigorous.  Consequently,  the  flame-
retardant  modification  of  PC,  while  preserving  its  inherent  ad-
vantages,  is  endowed  with  both  pressing  engineering  signifi-
cance and substantial research value.

Flame-retardant  modification  of  PC  is  primarily  achieved
through  the  following  three  approaches:  The  first  method  is
melt  blending.  A  novel  ladder-like  silsesquioxane  developed
by Wu et al. was utilized to prepare PC composites with excel-
lent  flame  retardancy.[9] However,  owing  to  issues  concern-
ing the dispersion and compatibility of the additive flame re-
tardants within the polymer matrix, the transparency and me-
chanical  properties  of  PC  are  often  compromised,  thereby
limiting  its  application  in  high-end  fields  that  require  both
high transparency and superior mechanical performance. The
second  method  involves  reactive  copolymerization.  The
flame-retardant  polycarbonate  synthesized  by  Liu et  al.  was
designated PC-SDPn.[10] Given the stringent requirements for
selecting flame retardants, this becomes a major constraint in
broadening  the  application  of  flame-retardant  PC.  The  third
method  is  the  surface  treatment.  A  transparent  flame-retar-
dant coating developed by Zhang et al. was demonstrated to
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simultaneously  enhance  the  surface  hardness  and  flame  re-
tardancy  of  PC  simultaneously.[11] Similarly,  a  transparent
flame-retardant coating prepared by Feng et al. was reported
to improve both the flame and scratch resistance of PC.[12] By
applying  a  functional  coating  onto  the  PC  surface,  its  inher-
ent  excellent  properties  can  be  preserved,  thereby  resolving
the  inherent  conflict  between  flame  retardancy  and  the  de-
mand  for  high  transparency  and  mechanical  performance.
However, when applied to a 0.5 mm-thick polycarbonate film,
both coatings caused deformation of the film during curing.

In previous studies, flame retardants employed for polycar-
bonates have primarily included halogen-,[13] sulfur-,[14] phos-
phorus-,[15] and  silicon-based  types.[16] Although  halogen-
based  flame  retardants  demonstrate  outstanding  efficiency,
their  application  has  been  restricted  or  phased  out  in  many
regions,  owing  to  potential  environmental  and  health  con-
cerns.[17] In  contrast,  phosphorus-based  compounds,  which
are characterized by their high flame-retardant effectiveness,
are  regarded  as  promising  alternatives  to  replace  harmful
halogenated flame retardants in flame-retardant polymer ma-
terials.[18−22] Phosphorus-based flame retardants  can be clas-
sified into two main categories: inorganic and organic. For in-
stance,  BP@MIL-53,  synthesized via a  hydrothermal  method
by Qian et al., was used to fabricate PC composites with excel-
lent flame retardancy and thermal stability, although its opti-
cal transparency was compromised.[23] In another approach, a
film containing phosphorus and silicon was deposited onto a
PC  using  atmospheric  pressure  plasma  technology  by  Hilt
et al.,  leading to a successful enhancement of its flame-retar-
dant  performance.[24] Furthermore,  a  phosphorus-containing
monomer synthesized from cardanol  derived by Li et  al.  was
copolymerized  with  commercial  acrylic  monomers,  resulting
in the preparation of an intumescent flame-retardant coating
exhibiting phosphorus-nitrogen synergy.[25] This coating was
proven to simultaneously improve both the flame resistance
and scratch resistance of the PC.  Consequently,  phosphorus-
based flame retardants are considered to have significant po-
tential  for  the  construction  of  high-performance  multifunc-
tional coatings.

In  this  study,  two  flame-retardant  UV-curable  monomers,
PG  and  TAEP,  were  synthesized.  Subsequently,  these
monomers  were  formulated  with  melamine  acrylate  resin
(MAAR)  to  fabricate  a  transparent  UV-curable  coating  on  0.5
mm-thick  PC  films.  The  resultant  coating,  with  a  controlled
thickness  of  50  µm,  exhibited  an  average  visible-light  trans-
mittance  of  91.9%.  Owing  to  the  synergistic  effect  between
phosphorus-containing  flame-retardant  monomers  and
MAAR,  the  MAAR-P8T4 formulation  achieved  an  optimal  bal-
ance  between  flame-retardant  performance  and  high  trans-
parency  performance.  Notably,  the  coated  film  not  only  sig-
nificantly enhanced the hardness of the PC substrate from 2B
to 3H on the pencil hardness scale but also attained a V-0 rat-
ing in the UL-94 vertical burning test.  This study provides an
economical and efficient strategy for the production of high-
transparency PC films with superior flame retardancy.

EXPERIMENTAL

Materials
2-Hydroxyethyl  acrylate  (HEA),  diethylphosphinic  acid,  4-
Methoxyphenol  (MEHQ),  phosphorus  (V)  oxychloride  (POCl3),
and glycidyl methacrylate (GMA) were purchased from Aladdin
Industrial  Company  (China).  Triethylamine  (TEA),  diethyl  ether,
and toluene were obtained from Sinopharm Chemical Reagent
Co., Ltd., (Shanghai, China). Melamine acrylate resin (MAAR) was
obtained from Jiangsu Sanmu Chemicals Co., Ltd., (Jiangsu, Chi-
na).  2,4,6-Trimethylbenzoyldiphenyl  phosphine  oxide  (TPO)
used  as  photoinitiator  was  obtained  from  Curease  Chemical
Group Co., Ltd., (Shanghai, China). Polycarbonate films (0.5 mm
thick)  were  supplied  by  Shanghai  Polyshine  Group  Co.,  Ltd.,
(Shanghai, China). All the chemical reagents were used directly
without further purification.

Synthesis of Phosphorus-containing UV-curable
Monomers
The synthesis  of  TAEP (Fig.  1a)  was based on a previous study,
with modifications.[26] A solution containing 0.3 mol (34.84 g) of
HEA  and  0.3  mol  (30.36  g)  of  TEA  in  100  mL  of  anhydrous  di-
ethyl  ether  was  mechanically  stirred in  a  250 mL three-necked
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Fig. 1    (a) Synthesis of TAEP; (b) Synthesis of PG; (c) Curing mechanism of MAAR-PmTn.
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flask.  Under  ice  bath  cooling,  0.1  mol  (15.33  g)  of  POCl3 was
added  dropwise  over  30  min.  The  reaction  mixture  was  then
stirred  at  ambient  temperature  for  8  h.  After  the  reaction  was
complete,  the  byproduct  salts  were  removed  by  filtration,  and
the solvent was eliminated via rotary evaporation, yielding TAEP
as a pale-yellow transparent liquid.

The synthesis of PG, as outlined in Fig. 1(b), proceeds as fol-
lows.  Diethylphosphinic  acid  (0.1  mol,  12.21  g)  and  0.1%
MEHQ were dissolved in toluene (100 mL) in a 250 mL three-
neck flask under magnetic stirring. GMA (0.1 mol, 14.21 g) was
added dropwise over 30 min at 45 °C. Subsequently, the tem-
perature was increased to 90 °C for a 3 h reaction period. Up-
on  completion,  the  solvent  was  removed  by  rotary  evapora-
tion, yielding PG as a colorless liquid.

Preparation of UV-curable Coatings
MAAR,  PG,  TAEP,  and  the  photoinitiator  (TPO)  were  precisely
weighed  according  to  the  ratios  specified  in Table  1 and  ho-
mogenized under vacuum. This procedure afforded the UV-cur-
able coating MAAR-PmTn (where m and n denote the mass frac-
tions  of  PG  and  TAEP,  respectively).  The  resulting  coating  was
applied to PC films at  a uniform thickness of  50 µm. Following
the  deposition,  the  samples  were  maintained  horizontally  un-

der  light-shielded  conditions  to  permit  spontaneous  leveling.
Subsequently,  the  films  were  radiation-cured  using  an  80
W/cm2 UV lamp. The curing mechanism is illustrated in Fig. 1(c).

Instrumentation and Characterization
Instrumentation  and  characterization  methodologies  em-
ployed in this work are detailed in the electronic supplementary
information (ESI).

RESULTS AND DISCUSSION

Structural Characterization of TAEP and PG
The chemical structures of TAEP and PG were characterized us-
ing  Fourier  transform  infrared  (FTIR)  spectrometry,  liquid  chro-
matography-mass spectrometry (LC-MS), and nuclear magnetic
resonance  (NMR)  spectroscopy.  In Fig.  2(a),  the  three  sets  of
peaks at δ=5.88–6.48 ppm corresponded to the alkenyl protons
(a  +  b  +  c)  of  TAEP,  while  the  signal  at δ=4.3–4.4  ppm  corre-
sponded to its methylene protons (d + e).[26] Fig. 2(b) shows the
signal at δ=−1.5 ppm corresponded to the phosphorus atom in
TAEP. As demonstrated in Fig.  2(e),  the signal of PG appears at
δ=64.3 ppm corresponded to the phosphorus atom in PG. The
LC-MS  data  (Fig.  2d)  confirmed  the  successful  synthesis  of  PG.
The successful synthesis of TAEP is further evidenced by the ap-
pearance of the P―O stretch at 970 cm−1 and disappearance of
the P―Cl vibration at 590 cm−1 in the FTIR spectra (Fig. 2c).[27,28]

Similarly, the synthesis of PG was verified by the emergence of
the ―OH band at  3340 cm–1 concomitant with the disappear-
ance of the C―O―C absorption at 1246 cm−1 (Fig. 2f).[29]

Physical Properties of MAAR-PmTn
The optical properties of the PC substrates coated with MAAR-

 

Table 1    Preparation of UV-curable coating MAAR-PmTn.
 

Sample mPG (g) mTAEP (g) mMAAR (g) TPO (%)

MAAR-P12 12 0 6 3
MAAR-P6T6 6 6 6 3
MAAR-P8T4 8 4 6 3
MAAR-P6T3 6 3 6 3
MAAR-P9T3 9 3 6 3
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PmTn were  characterized  by  measuring  their  transmittance  in
the  visible  spectrum.  The  transmittance  spectra  presented  in
Figs.  3(a)  and 3(b)  demonstrate that  the coated PC films main-
tain light transmission above 88% throughout the 400−800 nm
wavelength range. As shown in Fig. S1 (in ESI), the average haze
of all  the PC samples coated with MAAR-PmTn was below 10%.
This result confirms the exceptional optical transparency of the
MAAR-PmTn coating system when applied to the PC substrates.

The gel content, defined as the mass ratio of the sample af-
ter the extraction and drying procedures to the original mass,
serves  as  an  indirect  indicator  of  the  cross-linking  network

density within the material and the structural compactness of
the  coating.  To  determine  this  parameter,  the  MAAR-PmTn

coatings  were  subjected to  continuous  extraction in  a  Soxh-
let apparatus,  using toluene as the extraction solvent,  at 130
°C for 24 h. Following extraction, the samples were thorough-
ly dried in a vacuum oven until  constant mass was achieved,
with  the  resultant  data  compiled  in Fig.  3(c).  Analysis  of  the
results  revealed  an  inverse  correlation  between  gel  content
and increasing mass fraction of PG in the coating formulation.
This phenomenon is ascribed to the lower functionality of PG
relative  to  both  TAEP  and  MAAR,  which  consequently  limits
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Fig. 2    (a) 1H-NMR spectrum of TAEP; (b) 31P-NMR spectrum of TAEP; (c) FTIR spectra of TAEP, HEA and POCl3; (d) LC-MS spectrum of PG; (e) 31P-NMR
spectrum of PG; (f) FTIR spectra of PG, GMA and DPA.
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Fig.  3    Transmittance spectra  of  samples  in  the visible  spectrum:  (a)  Original  transmittance spectra;  (b)  Averaged transmittance spectra.  (c)  Gel
content of coatings; (d) Adhesion rating and pencil hardness grade of samples.
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the development of crosslinked networks.[30]

Adhesion testing conducted per  ASTM D3359-23 method-
ology  showed  that  MAAR-P6T6 exhibited  an  adhesion  rating
of 3 B, while all  other MAAR-PmTn coatings attained a superi-
or 4B rating. The pencil  hardness of the MAAR-PmTn coatings
was evaluated according to the GB/T 6739—2022 standards,
and  the  results  are  shown  in Fig.  3(d).  The  analysis  revealed
that  the  unmodified  PC  films  exhibited  a  pencil  hardness
grade of 2B. Notably, all  MAAR-PmTn coated samples demon-
strated  significantly  enhanced  surface  hardness,  achieving  a
grade of 3H, with the exception of MAAR-P12, which possess-
es a grade of H. This improvement in physical properties is at-
tributed to the increased crosslinking density within the coat-
ing  matrix,  which  directly  correlates  with  the  higher  pencil
hardness ratings.[31] These findings are consistent with the gel
content data presented in the preceding section, thereby val-
idating  the  structure-property  relationships  within  this  coat-
ing system.

Thermal Stability of Coatings
Thermogravimetric analysis (TGA) was employed to investigate

the thermal degradation and thermo-oxidative behavior of the
coatings  under  nitrogen  and  air  atmospheres. Fig.  4 presents
the TGA and derivative thermogravimetric (DTG) curves for the
MAAR-PmTn specimens  in  both nitrogen and air  environments.
The key thermal stability parameters extracted from these anal-
yses,  including  the  5%  mass  loss  temperature  (T5%),  tempera-
ture at the maximum mass loss rate (Tmax), maximum mass loss
rate  (Rmax),  and  char  yield  (CY)  at  800  °C,  are  summarized  in
Table  2.[32,33] Under  air  atmosphere,  MAAR-P9T3 exhibited  the
lowest T5% at 196 °C, indicative of the onset of premature ther-
mal  decomposition.[34,35] In  contrast,  MAAR-P6T6 exhibited  the
highest T5% value  at  289  °C.  The  DTG  analysis  further  revealed
that  TAEP  incorporation  significantly  reduced  the  decomposi-
tion rate  during the primary pyrolysis  stage of  MAAR-P12.  Criti-
cally, Tmax of MAAR-P8T4 increased by approximately 36 °C com-
pared to that of MAAR-P12. Char yield analysis at 800 °C demon-
strated  a  positive  correlation  between  the  TAEP  content  and
residual  char  formation,  with  CY values  increasing as  the TAEP
mass content increased. Under nitrogen atmosphere, MAAR-P12
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Fig. 4    (a) TG curves, (b) DTG curves of MAAR-PmTn in air; (c) TG curves, (d) DTG curves of MAAR-PmTn in nitrogen.

 

Table 2    Data related to thermogravimetric tests.
 

Sample
T5% (°C) Tmax (°C) Rmax (%/°C) CY (%)

Air N2 Air N2 Air N2 Air N2

MAAR-P12 276 201 332 317 0.960 1.096 0.2 10.5
MAAR-P6T6 289 − 371 − 0.714 − 2.8 −
MAAR-P8T4 287 263 368 345 0.684 0.689 2.3 15.0
MAAR-P6T3 227 − 348 − 0.637 − 2.3 −
MAAR-P9T3 196 − 357 − 0.695 − 2.3 −
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and  MAAR-P8T4 achieved  char  yields  of  10.5%  and  15.0%,  re-
spectively.  This  phenomenon  is  primarily  attributable  to  the
contrasting  pyrolysis  pathways  of  the  components:  TAEP  ex-
hibits a pronounced char-forming tendency during thermal de-
composition,  whereas PG predominantly undergoes gas-phase
fragmentation  with  a  significantly  weaker  char  retention  capa-
bility.[36,37] During pyrolysis, the TAEP and PG components gen-
erate  phosphate  derivatives  that  catalyze  matrix  dehydration
and char formation. Simultaneously, MAAR acts as a gas source,
releasing  volatiles  that  facilitate  char  layer  expansion.[38] This
char layer effectively impedes oxygen diffusion and heat trans-
fer.[39] The  phosphorus-nitrogen  synergistic  effect  was  identi-
fied  as  the  critical  mechanism that  enabled the  formation of  a
char layer, thereby significantly enhancing the thermal stability
of the coatings.

Flame Retardancy of Coatings
Microscale combustion calorimetry (MCC) was employed to an-
alyze  the  combustion  behavior  of  the  MAAR-PmTn coatings,
yielding  critical  parameters  including  the  heat  release  rate
(HRR),  peak  heat  release  rate  (pHRR),  and  total  heat  release
(THR).  As shown in Fig.  5,  both the THR and pHRR values were
significantly  reduced  upon  TAEP  incorporation.  Specifically,
MAAR-P8T4  achieved  19.3%  and  28.4%  decreases  in  THR  and
pHRR,  respectively,  compared  with  MAAR-P12,  attributable  to
the synergistic interaction between TAEP and PG. During pyrol-
ysis,  the  TAEP  and  PG  components  generate  phosphate  com-
pounds  that  catalyze  matrix  dehydration  and  carbonization,
while the gas-source MAAR component releases pyrolytic gases

to expand the char layer.[40,41] This expanded char structure ef-
fectively  hindered  oxygen  ingress  and  heat  transfer,  a  mecha-
nism fully consistent with TGA.

The combustion behavior of PC and MAAR-PmTn-coated PC
was  systematically  evaluated  by  the  limiting  oxygen  index
(LOI)  and  UL-94  vertical  burning  tests.  As  shown  in Fig.  5(d),
distinct  behavioral  variations  emerged  during  UL-94  testing:
PC,  MAAR-P12,  and  MAAR-P9T3 exhibited  severe  melt  drip-
ping  that  ignited  the  underlying  absorbent  cotton,  whereas
MAAR-P6T3 produced  non-igniting  droplets.  Notably,  MAAR-
P6T6 suppressed  dripping  entirely  but  demonstrated  a  pro-
longed  after-flame  duration  (41  s),  whereas  MAAR-P8T4

achieved the optimal V-0 rating. Concurrent LOI tests demon-
strated  that  MAAR-P8T4 significantly  enhanced  the  LOI  value
of PC from 22% to 27%.

Flame Retardant Mechanism
The graphitization degree of the residual char was quantitative-
ly characterized via Raman spectroscopy, as enhanced graphitic
ordering  typically  correlates  with  superior  oxidation  resistance
and mechanical strength, thereby providing more effective pro-
tective effects for PC substrates.[42] Spectral analysis (Figs. 6a−6c)
reveals two distinct characteristic bands at approximately 1590
cm−1 (G band) and 1350 cm−1 (D band) across all  samples.[43,44]

The intensity ratio of the D band to the G band area (ID/IG) serves
as a  critical  metric  for  evaluating residual  char  ordering,  where
lower  ratios  indicate  higher  graphitization  degrees.[45] Notably,
MAAR-P8T4 exhibits  a  reduced ID/IG value  of  2.58  compares  to
2.66 for MAAR-P12. This decrease conclusively demonstrates the
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Fig. 5    (a) HRR curves, (b) THR values, (c) pHRR values, and (d) LOI values of the samples.
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catalytic function of the flame retardant in promoting graphitic
structure development during char formation.

To elucidate the flame-retardant mechanism of MAAR-P8T4,
X-ray  photoelectron  spectroscopy  (XPS)  was  employed  to
comparatively  analyze  the  elemental  composition  of  the
residual  char  derived  from  MAAR-P12 and  MAAR-P8T4,  with
the  corresponding  spectra  presented  in Figs.  6(d)−6(i).[46] As
shown  in Fig.  6(d),  the  residual  chars  were  primarily  com-
prised  carbon  (C),  nitrogen  (N),  oxygen  (O),  and  phosphorus
(P).  Notably,  MAAR-P8T4 exhibited  an  enhancement  in  P  2p
peak  intensity  relative  to  MAAR-P12,  indicating  substantially
increased phosphorus-containing substances participating in
char  formation.  The  P  2p  spectra  (Figs.  6g and  6i)  resolved
two  characteristic  components:  the  higher  binding  energy
peak at 134.3 eV corresponding to P＝O,[47] and the lower en-
ergy peak at  133.4 eV is  assigned to P―O.[48] Similarly,  high-
resolution  C  1s  spectra  (Figs.  6f,  h)  revealed  three  distinct
components:  C＝O  (288.4  eV),[49],  C―O  (286.2  eV),[50] and
C―C (284.8 eV).[51] The C―C component, which encompass-
es both aliphatic and aromatic carbon domains,  plays a criti-

cal role in enhancing oxidation resistance during combustion.
Higher  concentrations  directly  correlate  with  the  superior
thermal stability of the char.[52] Quantitative analysis demon-
strated  a  significant  increase  in  the  C―C  content  from
48.16% in MAAR-P12 to 60.76% in MAAR-P8T4. This result con-
firms  that  TAEP  incorporation  substantially  reinforces  the
thermo-oxidative stability of the residual char.

Finally,  the  gaseous  pyrolyzates  evolved  during  the  ther-
mal decomposition of the MAAR-PmTn coatings were compre-
hensively  investigated  using  coupled  thermogravimetry-
Fourier  transform  infrared  spectroscopy  (TG-FTIR).[53,54] Figs.
7(a)  and 7(b)  presented three-dimensional  FTIR  spectral  pro-
files  mapping  the  evolution  of  volatile  products  at  discrete
temperature  intervals  for  MAAR-P12 and  MAAR-P8T4,  respec-
tively.  Analysis of the absorption bands revealed that MAAR-
P8T4 exhibited  a  lower  yield  of  total  pyrolysis  products  than
MAAR-P12.  This  indicates  a  significant  synergistic  effect  be-
tween the flame retardants, which effectively suppressed the
generation  of  volatiles  during  pyrolysis.  To  investigate  the
flame-retardant  mechanism,  time-resolved evolution profiles
of  the  characteristic  decomposition  products  were  analyzed
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Fig. 6    (a−c) Raman spectra of MAAR-PmTn; (d−i) XPS spectra of MAAR-PmTn.
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(Figs.  7c−7f),  focusing  on  flammable  CO  (2184  cm−1),[55] aro-
matic  compounds  (1510  cm−1),[56] and  carbonyl-containing
volatiles (1726 cm−1).[57] All absorbance intensities were mass-
normalized  to  enable  a  direct  comparison.  Critically,  com-
pared to MAAR-P12,  MAAR-P8T4 exhibited diminished intensi-
ty  across  all  monitored  species.  This  systematic  suppression
of  combustible  gases  and  smoke-related  compounds  pro-
vides evidence that the synergistic effect of PG and TAEP en-
hances  the  char-forming  efficiency  while  impeding  the  fuel
feed to the flame front,  thereby elevating the fire safety per-
formance of the composite.

CONCLUSIONS

Integrated  analysis  of  the  residual  char  and  pyrolyzate  evolu-

tion curves enables comprehensive elucidation of the flame-re-
tardant  mechanism  in  MAAR-P8T4.  This  coating  demonstrates
exceptional  dual-phase  functionality,  exerting  concurrent  gas-
phase and condensed-phase effects throughout thermal degra-
dation.[58,59] In  the  gas  phase,  phosphorus-containing  radicals
liberated during pyrolysis  effectively  scavenge the  highly  reac-
tive  H· and  OH· radicals via a  quenching  mechanism,  thereby
terminating  chain  combustion  reactions.[60] Concurrently,  non-
combustible gases generate dilute fuel vapor concentrations, as
quantified by TG-FTIR. Within the condensed phase, MAAR-P8T4

generates  phosphate  compounds  during  pyrolysis,  which  pro-
mote charring through cross-linking and esterification reactions
and matrix dehydration.  Simultaneously,  these phosphates un-
derwent esterification to form a continuous, compact char layer.
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Fig. 7    (a−f) FTIR spectral analysis of gaseous degradation products from MAAR-PmTn.
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This multifunctional physical barrier achieves a 28.4% reduction
in  the pHRR by preventing heat  feedback transfer  to  the poly-
mer  substrate  and  inhibiting  the  diffusion  of  volatiles  towards
the  flame  front.  The  demonstrated  synergy  between  radical
quenching, gas dilution, and barrier enhancement mechanisms
collectively  suppressed  combustion  propagation,  conferring
MAAR-P8T4 with a UL-94 V-0 rating.
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