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Engineering Sulfur-Containing Polymeric Fire-Retardant
Coatings for Fire-Safe Rigid Polyurethane Foam

Yang Fang, Zhewen Ma, Dewang Wei, Youming Yu,* Lei Liu,* Yongqian Shi, Jiefeng Gao,
Long-Cheng Tang, Guobo Huang,* and Pingan Song*

With the advantages of lightweight and low thermal conductivity properties,
polymeric foams are widely employed as thermal insulation materials for
energy-saving buildings but suffer from inherent flammability. Flame-retardant
coatings hold great promise for improving the fire safety of these foams
without deteriorating the mechanical-physical properties of the foam. In this
work, four kinds of sulfur-based flame-retardant copolymers are synthesized
via a facile radical copolymerization. The sulfur-containing monomers serve
as flame-retardant agents including vinyl sulfonic acid sodium (SPS), ethylene
sulfonic acid sodium (VS), and sodium p-styrene sulfonate (VSS). Additionally,
2-hydroxyethyl acrylate (HEA) and 4-hydroxybutyl acrylate are employed to
enable a strong interface adhesion with polymeric foams through interfacial
H-bonding. By using as-synthesized waterborne flame-retardant polymeric
coating with a thickness of 600 μm, the coated polyurethane foam (PUF) can
achieve a desired V-0 rating during the vertical burning test with a high
limiting oxygen index (LOI) of >31.5 vol%. By comparing these
sulfur-containing polymeric fire-retardant coatings, poly(VS-co-HEA) coated
PUF demonstrates the best interface adhesion capability and flame-retardant
performance, with the lowest peak heat release rate of 166 kW m−2 and the
highest LOI of 36.4 vol%. This work provides new avenues for the design and
performance optimization of advanced fire-retardant polymeric coatings.
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1. Introduction

Rigid polyurethane foam (PUF) represents
one of the most important building thermal
insulation materials; because of its good
compressive strength, low density, and low
thermal conductivity properties.[1–3] How-
ever, because of its organic composition
and highly cellular structure, PUF suffers
from intrinsic flammability with a low lim-
iting oxygen index (LOI) of ≈19.5 vol%.[4]

Brominated compounds as industrial flame
retardants (FRs) can effectively enhance
the flame retardancy of PUF.[5,6] Unfortu-
nately, regulations have restricted the use
of some halogenated FRs with the in-
creasing awareness of environmental con-
cerns and sustainable development.[7–9]

As a result, it is imperative to develop
halogen-free flame-retardant PUF without
significantly compromising its mechanical-
physical properties.[10,11]

The halogen-free FRs used for PUF
are generally divided into i) reactive, ii)
additive, and iii) coating types, which
mainly consist of phosphorus, nitrogen,
silicon, or sulfur elements.[12,13] Reactive
FRs (e.g., tetrabromobisphenol A [TBBPA]
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and tetrabromophthalic anhydride [TBPA]) can serve as polyols
to participate in the curing process of RPUF,[14] but their unsat-
isfied flame-retardant efficiency significantly limits their practi-
cal applications.[15] The additive FRs feature higher flame retar-
dancy and higher structural diversity than the reactive ones, such
as ammonium polyphosphate (APP) and expandable graphite
(EG).[16–18] But their poor interfacial compatibility often leads to
degraded mechanical properties as they cannot participate in the
foaming process.[19,20]

Compared to additive FRs, flame-retardant coatings demon-
strate overwhelming advantages because they maintain the bulk
properties of PUF.[21,22] Recently, many efforts have been re-
ported to create fire-resistant coatings for PUF. For instance,
Chen et al.[23] treated PUF with alginate/clay aerogel via the
freeze-drying method. Compared to the untreated PUF, the re-
sultant foam showed a high LOI of 60 vol% with a 32% reduc-
tion in the peak heat release rate (PHRR). However, the aero-
gel in the porous foam deteriorated the thermal conductivity.
Huang et al.[24] fabricated flame-retardant PUF by employing a
UV-curable intumescent coating. The treated PUF exhibited an
LOI value of 24.8 vol% and a 33.2% reduction in PHRR, but no
rating in UL-94 vertical burning test. Therefore, two challenges
associated with flame-retardant coatings remain to be solved: i)
poor interface adhesion to the foam substrate, and ii) low flame-
retardant efficiency. In addition, the weak interface will lead to
coating delamination from the PU during heating or fire, result-
ing in poor durability.[25] Therefore, it is of great importance to
design water-based flame-retardant coatings that combine strong
adhesion and outstanding flame retardancy.

Previous studies have revealed that the hydrogen (H)-bonding
effect can be employed to design flame-retardant polymeric coat-
ings with strong adhesion to the substrate.[26–29] Inspired by
the H-bond adhesion mechanisms, we aim to design advanced
water-based polymeric coatings by introducing flame-retardant
and multi-hydroxyl groups, that combine fire-retardant and ad-
hesive properties.[30] Herein, we have synthesized four kinds
of waterborne copolymers via a facile radical copolymerization
(Figure 1). The hydroxyl groups in 2-hydroxyethyl acrylate (HEA)
and 4-hydroxybutyl acrylate (HBA) enable a strong interface ad-
hesion to polymeric foams through interfacial H-bonding. Mean-
while, the sulfur-containing monomers serve as flame-retardant
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moieties, including sodium allylsulfonate (SPS), sodium vinyl-
sulfonate (VS), and sodium p-styrenesulfonate (VSS). The sul-
fonate groups in these sulfur-containing monomers promote the
formation of a char layer during combustion and release non-
flammable gases (e.g., water vapor, sulfur dioxide) during degra-
dation of the polymer coatings. The non-flammable gases can di-
lute the fuel gases and oxygen on the foam surface, thereby reduc-
ing the oxidation rate of the fuel gases and starving the flame to
inhibit combustion.[31,32] The results show that among four kinds
of waterborne copolymers, poly(VS-co-HEA) treated RPU foam
exhibits the highest shear strength of 0.24 MPa, an LOI as high
as 36.4 vol%, a desirable UL-94 V-0 rating, and a PHRR reduc-
tion of 34.1%. This work offers a facile biomimetic approach to
synthesize water-based fire-proof polymeric coatings with strong
interface adhesion to PUF, which holds promise in building in-
sulation materials applications.

2. Experimental Section

2.1. Materials

Sodium allylsulfonate (SPS, 90% purity), sodium vinylsulfonate
(VS, 25 wt%), sodium p-styrenesulfonate (VSS, >98% purity),
HBA (97 wt%), and HEA (96 wt%) were purchased from Shang-
hai Aladdin Biochemical Technology Co., Ltd. Potassium persul-
fate (K2S2O8, AR) was obtained from China National Pharma-
ceutical Group Chemical Reagent Co., Ltd. Dialysis bags (3500D)
were acquired from Shanghai Yuan Ye Biotechnology Co., Ltd.
All chemical reagents used in this chapter were utilized without
further purification.

2.2. Synthesis of Sulfur-Containing Copolymers

Take the poly(SPS-co-HEA) as an example: the polymerization of
SPS and HEA (SPS/HEA = 50:50, molar ratio) was conducted
in a 500 mL four-neck round bottom flask equipped with a me-
chanical stirrer, a thermometer, a condenser, and N2 inlet. First,
33.3 g of SPS was dissolved in 286.7 g of deionized water, and
then the mixture was heated up to 65 °C. Subsequently, 21.7 g
HEA was added dropwise to the above solution and stirred for
0.5 h until two types of monomers were mixed homogeneously.
Then, 0.51 g of K2S2O8 with 51 g of deionized water was slowly
dropped into the above mixture. The polymerization continued
at 65 °C for 1 h. Finally, to obtain a poly(SPS-co-HEA) aqueous
solution with a solid concentration of 15 wt%, the dialysis and
drying process were conducted to remove the residual monomer
and the excess water.

Likewise, poly(SPS-co-HBA), poly(VS-co-HEA), and poly(VSS-
co-HBA) were synthesized by the same synthesis protocol with
adjusting the starting agents. After multiple dialysis steps, the so-
lutions of poly(SPS-co-HEA), poly(SPS-co-HBA), and poly(VS-co-
HEA) appeared colorless, while the poly(VSS-co-HEA) solution
had a light yellow color (Figure S1, Supporting Information).

2.3. Preparation of Sulfur-Containing Polymer Films

These four polymers, poly(SPS-co-HEA), poly(SPS-co-HBA),
poly(VS-co-HEA), and poly(VSS-co-HEA), were individually
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Figure 1. Synthetic route of flame retardant copolymers, a) poly(SPS-co-HEA), b) poly(SPS-co-HBA), c) poly(VS-co-HEA) synthesis, and d) poly(VSS-co-
HEA).

poured into polytetrafluoroethylene (PTFE) culture dishes,
followed by drying at 80 °C under a vacuum for 72 h. Finally,
the sulfur-containing polymer films were obtained (Figure S2,
Supporting Information). Each film was cut into the required
dimensions for subsequent testing.

2.4. Fabrication of PUF Coated with Copolymers

The untreated rigid PUF was cut into the desired shapes and
sizes. The copolymer aqueous solution with a concentration of
15 wt% was previously prepared. The precise thickness of the
pure PUF was first measured, and the copolymer solution was
uniformly applied to the PUF surface and scraped flat with a rod,
followed by drying in a blast oven at 65 °C (see Figure 2). Af-

ter complete drying, the thickness of the coated PUF was mea-
sured. Then, the copolymer solutions were repeatedly and uni-
formly applied onto the PUF surface. The samples were dried
repeatedly until the thickness of poly(SPS-co-HEA), poly(SPS-co-
HBA), poly(VS-co-HEA), or poly(VSS-co-HEA) coatings reached
≈600 μm. Finally, the coated PUF with the controlled thickness
was obtained.

2.5. Characterization

FTIR spectra were recorded over the range of 4000–400 cm−1

on a Thermo Nicolet iS5 instrument using KBr pellets. Ele-
mental analysis (EA) was performed on the Elementar Vario
Micro instrument (Germany). Gel permeation chromatography

Figure 2. Schematic illustration for the preparation process of coated PUF.
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(GPC) data of copolymers, including the weight-average (Mw)
and number-average (Mn) molecular weights, were obtained by
a gel permeation chromatograph (PL-GPC 220, Wyatt).

Differential scanning calorimetry (DSC, TA, Q20, USA) was
used to record the glass transition temperature (Tg) of copoly-
mers. Samples were heated from −50 to 65 °C at a rate of 10
°C min−1 and then kept isothermally for 2 min before being
quenched to −50 °C, and finally reheated to 300 °C at a rate of
10 °C min−1. Thermogravimetric analysis was performed on a
NETZSCH TG209F3 thermal analyzer. Approximately 6 mg of
copolymer samples were heated from room temperature to 800
°C under a nitrogen atmosphere with a heating rate was 20 °C
min−1.

Micro combustion calorimetry (MCC) was performed on a
microscale combustion calorimeter (MCC-2, Govmark, USA) by
heating samples from 60 to 700 °C at a heating rate of 1 K s−1

under an air atmosphere. Vertical burning (UL-94) test was per-
formed via a CFZ-3 instrument based on ASTM D 3801–96 stan-
dard. The LOI was measured on a JF-3 oxygen index instrument
based on ASTM D 2863–97 standard. A cone calorimeter test
(CCT) was conducted to investigate the combustion behavior of
materials by using an FTT cone calorimeter at the heat flux of
35 kW m−2 according to the standard ISO 5660.

A universal testing machine was employed to measure the
shear tensile adhesion stress based on the ASTM F2255 standard.
Interface adhesion test was conducted according to GB/T 33334-
2016. A microscopic Vickers hardness tester (MHVS-1000T) was
conducted to measure the hardness of these polymeric coatings.
UV aging test was conducted by using a UVA-365 LED UV cur-
ing lamp. The polymeric films were exposed to UV lamps with
a power of 20 W and UV wavelength of 365 nm for a cumula-
tive period of 72 h, and the surface of the samples was observed
under an optical microscope at 0, 24, 48, and 72 h. The friction
wear test was conducted by using a UMT-2 friction wear tester,
and the normal load was 1 N. Tensile testing was conducted us-
ing an electronic universal testing machine, Meters Industrial
Systems (China) Limited, Model CMT6104, in accordance with
ASTM D882 standard. Three sets of polymer film tensile proper-
ties were measured at 22 °C and 55% relative humidity.

3. Results and Discussion

3.1. Characterization of Copolymers

The FTIR spectra of four polymer groups are depicted in Figure
S3, Supporting Information. For poly(SPS-co-HEA), the absorp-
tion peak at 3391 cm−1 corresponds to the stretching vibration
of alcohol hydroxyl groups (O─H). The peak at 3000–2800 cm−1

represents the stretching vibration of saturated C─H bonds. The
absorption peak at 1717 cm−1 is associated with the stretch-
ing vibration of ester carbonyl groups (C═O).[33] Other notable
peaks include 1449 cm−1 for methylene variable-angle vibration
and asymmetric methyl variable-angle vibration, 1395 cm−1 for
symmetric methyl variable-angle vibration, and 1159 and 1073
cm−1 for asymmetric and symmetric stretching vibrations of sul-
fonic acid salts.[34] Additionally, there are peaks at 1036 cm−1 for
stretching vibrations of alcohol and ester C─O, and 892 cm−1 for
stretching vibrations of S─O.[35]

Table 1. Mn, Mw, Mz, Mz+1, and PDI of different copolymers.

Samples Mn
[g mol−1]

Mw
[g mol−1]

Mz
[g mol−1]

Mz+1
[g mol−1]

PDIa)

Poly(SPS-co-HEA) 5199 14 095 30 381 50 071 2.71

Poly(SPS-co-HBA) 1623 2992 4723 6230 1.84

Poly(VS-co-HEA) 8810 31 747 61 136 85 163 3.60

Poly(VSS-co-HEA) 41 385 73 478 103 605 124 782 1.78
a)

PDI refers to polydispersity index.

Similar to poly(SPS-co-HEA), poly(SPS-co-HBA) and
poly(VSS-co-HEA) exhibit the characteristic peaks of satu-
rated C─H stretching vibrations, ester carbonyl stretching
vibrations, and various methyl variable-angle vibrations. Notably,
for poly(SPS-co-HBA), there is an additional peak at 2960 cm−1

associated with the out-of-plane bending vibration of trans-
double-substituted ─CH─.[36] While for poly(VSS-co-HEA),
there are some characteristic peaks at 1078, 1036, and 1009
cm−1 corresponding to the in-plane bending vibrations of the
benzene ring, and the peak at 794 cm−1 for the out-of-plane
bending vibration of the benzene ring.[37] The strong peak at
567 cm−1 is attributed to the stretching vibration of C─S.[38]

EA results show that the H, C, O, and S elements proportions
in poly(SPS-co-HEA), poly(SPS-co-HBA), poly(VS-co-HEA), and
poly(VSS-co-HEA) are relatively similar (Table S1, Supporting
Information).

GPC data shows that the molecular weight follows the se-
quence of poly(SPS-co-HBA) < poly(SPS-co-HEA) < poly(VS-co-
HEA) < poly(VSS-co-HEA) (Table 1). In particular, the molec-
ular weight of poly(VSS-co-HEA) is significantly higher than
the other three polymers, indicating that poly(VSS-co-HEA) has
longer polymer chains and a higher degree of polymerization.
Additionally, poly(VSS-co-HEA) has the lowest polydispersity in-
dex (PDI), suggesting that the distribution of molecular weights
within poly(VSS-co-HEA) is more uniform and less varied. In
other words, the poly(VSS-co-HEA) chains have similar or closer
molecular weights, contributing to a more homogeneous compo-
sition. This is often desirable in polymer chemistry as it suggests
a more consistent and controlled synthesis of the polymer.

3.2. Thermal, Flame-Retardant, Mechanical, and Adhesive
Properties

The excellent compatibility of copolymers as a potential surface
coating on PUF surfaces in various temperature environments is
crucial. As shown in Figure 3, the presence of more flexible poly-
HBA segments imparts poly(SPS-co-HBA) with lower glass tran-
sition temperatures (Tg) compared to poly(SPS-co-HEA) and/or
poly(VS-co-HEA). Furthermore, all the polymers exhibit multi-
ple Tg values, for example, −36 and −8 °C in poly(VSS-co-HBA)
correspond to the glass transition behavior of two homopolymer
chain segments, respectively, whereas the low Tg value of the
polyHEA segments ensures the flexibility of the coating in low-
temperature environments, which is essential for their use.[39]

Prior to practical application, flame-retardant coatings are re-
quired to exhibit excellent flame retardancy, good thermal stabil-
ity, and char formation properties. MCC curves and the related

Macromol. Rapid Commun. 2024, 45, 2400068 2400068 (4 of 9) © 2024 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 3. DSC curves of flame retardant copolymers, a) poly(SPS-co-HEA), b) poly(SPS-co-HBA), c) poly(VS-co-HEA) synthesis, d) poly(VSS-co-HEA).

data of four copolymer films are depicted in Figure 4 and Table
S2, Supporting Information. All copolymers demonstrate inher-
ent flame retardancy, as evidenced by the poly(VS-co-HEA) with
a PHRR as low as 42.8 W g−1 at 395 s and a total heat release
(THR) of only 3.34 kJ g−1, which provides the best HRR sup-
pression among the four copolymers. This is due to the pres-
ence of fewer methylene groups with higher calorific values in
its chain structure.[40] On the contrary, the most intense heat re-
lease occurs in poly(SPS-co-HBA), with a PHRR value as high as
87.6 W g−1 and THR of 9.07 kJ g−1, along with two intense heat
release peaks at 305 and 390 s, respectively. On the other hand,

the low heat release of poly(VSS-co-HEA) can be attributed to its
abundant sp2 carbon, which facilitates the formation of stable
graphitic structures at high temperatures.[41,42] It can be observed
that poly(VS-co-HEA) has the lowest PHRR among the four tested
groups. This indicates that PUF coated with flame-retardant poly-
mers releases heat at a slower rate under combustion conditions.
The small heat load during a fire is crucial for reducing the dam-
age of the fire to the surrounding environment and structures.

TGA curves and the related data of the four flame-retardant
copolymer coatings are depicted in Figure 5 and Table 2. Like-
wise, poly(VSS-co-HEA) copolymer shows the best charring

Figure 4. HRR curves and THR values of flame retardant copolymers.

Macromol. Rapid Commun. 2024, 45, 2400068 2400068 (5 of 9) © 2024 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 5. TGA and DTG curves of four kinds of fire-retardant copolymers.

capacity with significantly higher residual char of 43.3 wt%,
which is predominantly stabilized inorganic sodium salts (from
the sodium sulphonate groups) and graphitized char layers (from
the phenyl side chains).[43,44] Additionally, poly(VSS-co-HEA) and
poly(VS-co-HEA) have a much slower decomposition process,
which is also demonstrated by avoiding the drastic thermal
weight loss at 125 and 275 °C. In contrast, poly(SPS-co-HBA)
with higher carbon and hydrogen content only exhibits a char
residue as low as 31.1 wt%, and multiple distinct degradation
processes are observed as the temperature increases (at 140, 290,
and 390 °C).

In this work, PUF is selected as a representative substrate to
verify the fire protection of copolymers. Therefore, it is necessary
to ensure the required mechanical properties of the coatings and
their adhesion to the PUF before practical application. The films
of poly(SPS-co-HEA) and poly(VS-co-HEA), respectively, show a
tensile strength of 1.42 and 0.85 MPa, higher than poly(SPS-co-
HBA) (0.48 MPa) (see Figure S4, Supporting Information). As
shown in Figure 6, the evaluation of the interfacial adhesion of
several copolymers to the PUF matrix based on shear strength
follows the order: poly(VS-co-HEA) (0.24 MPa) > poly(SPS-co-
HEA) (0.23 MPa) > poly(SPS-co-HBA) (0.18 MPa) > poly(VSS-
co-HEA) (0.14 MPa). The highest adhesion of poly(VS-co-HEA) is
largely attributed to the high polarity of polyHEA and its abun-
dant hydroxyl groups to form strong interfacial H-bonding.[45] As
a result, the PUF substrate is the first to fracture during single-
targeted stretching, implying that the bond strength exceeds the
fracture strength. In contrast, the weakest adhesion of poly(VSS-
co-HEA) leads to the detachment of the coating from the PUF

Table 2. TGA data for fire-retardant copolymers.

Samples Ti
a) [°C] Tmax

a) [°C] Char750 °C [wt%]

Poly(SPS-co-HEA) 143 385.3 33.8

Poly(SPS-co-HBA) 142 390.6 31.1

Poly(VS-co-HEA) 147 384 34.3

Poly(VSS-co-HEA) 109 452 45.1
a)

Ti and Tmax refer to the temperature at 5% weight loss and the temperature at the
maximum weight loss rate.

surface during the curing stage, preventing subsequent perfor-
mance testing (Figure S5, Supporting Information).

To visually evaluate the fire protection of copolymer coatings
on PUF surfaces, UL-94 vertical burning and LOI tests are con-
ducted, and the related data are shown in Table 3. Due to its inher-
ent flammability and porous structure, PUF achieves no ratings
in the UL-94 test and exhibits an LOI value as low as 19.1 vol%.
During the UL-94 test, PUF is immediately ignited with a rapid
flame spread to the fixture until burned out, leaving a very frag-
ile and hollow char after testing (Figure S6, Supporting Infor-
mation). Upon treatment with poly(VS-co-HEA) or other copoly-
mer coatings (see Figure S7, Supporting Information), satisfac-
tory LOI values of 36.4% are achieved for the treated foam, meet-
ing the required UL-94 V-0 rating. It is noteworthy that when
SPS is employed as a flame-retardant monomer, the presence of
more high calorific value methylene favors flame maintenance,
which may be responsible for its decreased LOI values, for exam-
ple, 32.4% and 31.5% for poly(SPS-co-HEA)-PUF and poly(SPS-
co-HBA)-PUF, respectively (Table 3).[46]

Further evaluation of the coated PUF in real fire scenarios and
cone calorimetry tests were conducted. The thickness of the coat-

Figure 6. Shear stress values of flame-retardant coatings on PUF.

Macromol. Rapid Commun. 2024, 45, 2400068 2400068 (6 of 9) © 2024 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Table 3. Detailed CCT, UL-94, and LOI data for PUF and the coated PUF foams.

Samples tign
a

[s]
PHRRa)

[kW m−2]
tPHRR

a)

[s]
THRa)

[MJ m−2]
TSRa)

[m2 m−2]
ACOYa) [kg

kg−1]
PSPRa)

[m2 s−1]
UL-94
rating

LOI
[vol%]

PUF 4 ± 1 252 ± 5 60 ± 2 99 ± 2 1102 ± 5 0.05 ± 0.01 0.076±0.005 No
rating

19.1

Poly(SPS-co-HEA)-PUF 30 ± 1 145 ± 5 165 ±
2

158 ± 2 1089 ± 5 0.10 ± 0.01 0.016±0.005 V-0 32.4

Poly(SPS-co-HBA)-PUF 38 ± 1 195 ± 5 67 ± 2 148 ± 2 905 ± 5 0.04 ± 0.01 0.026±0.005 V-0 31.5

Poly(VS-co-HEA)-PUF 35 ± 1 166 ± 5 103 ±
2

144 ± 2 1403 ± 5 0.02 ± 0.01 0.022±0.005 V-0 36.4

a)
tign, PHRR, tPHRR, THR, TSR, ACOY, and PSPR are the time to ignition, peak heat release rate, time to peak heat release rate, total heat release, total smoke release, average

carbon monoxide yield, and peak smoke production rate, respectively.

ing in the CCT test was consistent with those of the other coatings
tested, which were 600 μm. Cone calorimetry tests provide some
crucial fire parameters such as time to ignition (tign), HRR, THR,
mass loss, smoke production rate (SPR), and average CO yield
(ACOY). At an external heat flow radiation, the PUF exhibits an
extremely short ignition process, ≈4 s, and reaches a PHRR of
252 kW m−2 at 60 s, corresponding to the sharp thermal decom-
position of the foam, ultimately resulting in a THR of 99 MJ m−2

(Figure 7a,b). In contrast, the tign of the coated PUF is signifi-
cantly prolonged, ranging from 30 to 38 s, with varying degrees
of PHRR reduction, corresponding to the formation of more sta-
ble organic and/or inorganic char layers on the top surface dur-
ing the combustion process.[47] On the other hand, the increase
in THR is attributed to the intrinsic heat release of the organic
coating, leading to prolonged smoldering accompanied by grad-
ual heat accumulation.[48] The sulfonate groups on the branched
chains are the source of flame retardancy for all coatings, and

therefore the differences in the heat release parameters of the
foam materials treated with these coatings are not significant.[49]

Interestingly, poly(SPS-co-HEA)-PUF and poly(VS-co-HEA)-PUF
exhibit lower PHRR and longer tPHRR, reaching 145 kW m−2 at
165 s and 166 kW m−2 at 103 s, respectively, which is also at-
tributed to the lower heat release contribution of polyHEA com-
pared to polyHBA (Table 3).

The fire performance index (FPI) and fire growth index (FGI),
two key parameters for evaluating the fire performance of ma-
terials, are calculated. Generally, higher FPI and lower FGI val-
ues reflect superior fire safety.[50] Therefore, the low FPI value
of 0.016 m2 s kW−1 and the FGI value of 4.191 kW m−2 s−1 for
PUF indicate its high flammability and significant fire hazard
(Figure 7c,d). In contrast, all coatings increase the FPI values of
the foam to varying degrees and decrease their FGI, with the ad-
vantage being particularly pronounced when using polyHEA as a
film-forming component. For example, poly(VS-co-HEA) coating

Figure 7. a) HRR, b) THR, c) FPI, d) FGI, e) SPR, and f) TSR curves of coated PUFs.
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results in a PUF with an FPI of 0.211 m2 s kW−1 and an FGI
of 1.610 kW m−2 s−1, ≈13 folds and 38% of those of the neat
PUF, respectively, further demonstrating its reduced fire hazard,
demonstrating its reduced fire risk (Figure 7c,d).

Smoke/gas release is another important indicator in assessing
the fire safety of polymeric materials. Specifically, all copolymer
coatings can significantly reduce the peak smoke production rate
(PSPR) and ACOY of PUFs. For instance, poly(VS-co-HEA)-PUF
has a PSPR of 0.022 m2 s−1 and an ACOP of 0.02 kg kg−1, which
are 71% and 62% lower than those of PUF, respectively (Figure 7e
and Table 3). This appreciable reduction is primarily attributed to
the formation of an integral sulfonated carbon (Figure S8, Sup-
porting Information). A protective char residue whose high ther-
mal stability has been previously demonstrated,[51] acts as a bar-
rier hindering mass transfer and effectively reduces the thermal
decomposition rate of the underlying substrate.[52] Furthermore,
among the three groups of coated PUF, poly(SPS-co-HBA)-PUF
had the highest PSPR of 0.026 m2 s−1, once again highlighting
that excessive methylene structure in the branched chain can
exacerbate the early smoke release of the coating (Figure 7e).
While the presence of organic coatings can mitigate the early-
stage smoldering of the substrate, it ultimately cannot prevent
decomposition during prolonged burning, resulting in the TSR
values of the coated PUF remaining within the same order of
magnitude as the neat PUF (Figure 7f).[53]

The weathering resistance of the three flame-retardant coat-
ings was further characterized for the practical application sce-
narios of as-prepared coatings. After 72 h of UV exposure, no sig-
nificant morphology change was observed on poly(VS-co-HEA),
indicating its desired UV aging resistance (see Figure S9, Sup-
porting Information). In addition, the low coefficient of friction
(as low as 0.115) and high hardness indicate its robust durabil-
ity (see Figures S10 and S11, Supporting Information). These
properties highlight the potential of poly(VS-co-HEA) as a high-
performance coating material for a wide range of applications
that require long-term stability and wear resistance.

4. Conclusions

In this work, four sulfur-containing flame-retardant copoly-
mers poly(SPS-co-HEA), poly(SPS-co-HBA), poly(VS-co-HEA),
and poly(VSS-co-HEA) have been synthesized via a facile radical
copolymerization. All these copolymeric coatings demonstrate
good charring ability and inherent flame retardancy with low
PHRR values of <90 W g−1. Although the thermal stability of
poly(VSS-co-HEA) is the best among the four copolymers, the in-
terface adhesion with PUF is not suitable for PUF coating as a re-
sult of its strong polarity. Poly(SPS-co-HEA), poly(SPS-co-HBA),
and poly(VS-co-HEA) are employed to treat PUF as fire-retardant
coatings. The presence of 600 μm their coatings enables PUF to
achieve a UL-94 V-0 rating. With poly(VS-co-HEA) coating, the
treated PUF foam exhibits the highest LOI value of 36.4 vol% and
a PHRR reduction of 34.1%, indicating its highest fire-retardant
efficiency. Meanwhile, it exhibits the strongest interface adhe-
sion to PUF with a shear strength of 0.24 MPa. This work offers
a facile and efficient approach to preparing high-performance
water-borne coatings for PUF which could be expected to demon-
strate potential applications as building insulation materials.
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