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1. Introduction

Fire-retardant coatings represent a universal cost-effective approach

to providing fire protection for various substrates without compromising
substrates’ bulk properties. However, it has been attractive yet highly
challenging to create waterborne polymeric fire-retardant coatings combining
high-efficiency, generally strong adhesion, and self-repairability due to a lack of
rational design principles. Inspired by mussel’s unique adhesive, self-healing,
and char-forming mechanisms, herein, a “group synergy” design strategy

is proposed to realize the combination of self-healing, strong adhesion,

and high efficiency in a fully polymeric fire-retardant coating via multiple
synergies between catechol, phosphonic, and hydroxyethyl groups. As-created
fire-retardant coating exhibits a rapid room-temperature self-healing ability and
strong adhesion to (non)polar substrates due to multiple dynamic non-covalent
interactions enabled by these groups. Because these functional groups enable
the formation of a robust structurally intact yet slightly expanded char layer
upon exposure to flame, a 200 pm-thick such coating can make extremely
flammable polystyrene foam very difficult to ignite and self-extinguishing,
which far outperforms previous strategies. Moreover, this coating

can provide universal exceptional fire protection for a variety of substrates
from polymer foams, and timber, to fabric and steel. This work presents

a promising material design principle to create next-generation sustainable
high-performance fire-retardant coatings for general fire protection.

It is reported that global fires caused
20600 deaths and 69500 injuries, with
83% of deaths and 61% of injuries oc-
curring in residential buildings in 2020
(World Fire Statistics). One key reason for
these building fires is the ubiquitous use
of highly flammable polymer foams, e.g.,
polyurethane (PU), polyethylene (PE), and
in particular expandable polystyrene (EPS)
thermal insulation materials for buildings
to create energy-saving buildings.l") In ad-
dition to low thermal conductivity, these
polymer foams are lightweight, chemical
and microorganism resistant, and easy to
recycle. However, their large surface area
and high organic content make them in-
herently flammable, and when exposure
to high temperatures and a flame, they
can be ignited immediately. Their fires of-
ten spread rapidly and further ignite com-
bustible materials around them, eventu-
ally triggering big fires and causing sub-
stantial losses of life and property. Mean-
while, many residential fires are reported
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to be trigged by flammable fabric curtains or sofas, and com-
bustible wooden furniture and building materials.[?) Therefore,
it is imperative to create fire-retardant materials to mitigate
residential building fires.

Fire-retardant coatings have been considered one of the most
universal cost-effective approaches to creating fire-retardant ma-
terials. Generally, there are three primary strategies to impart
satisfactory fire retardancy to flammable or combustible mate-
rials. Take the EPS foam as an example, one can prepare fire
retardant EPS via 1) introducing flame-retardant elements dur-
ing styrene polymerization, namely reactive flame retardants
(FRs);1®! 2) physically blending fire retardants, i.e., capsulated
FRs;* and 3) applying fire-retardant coatings on its surface—
that is, surface FR treatment.’] The addition of fire retardants
is cost-effective but often adversely affects the synthesis of EPS
and its final quality.® Additionally, the use of some encapsulated
FRs modified with formaldehyde in EPS can pose a potential
risk to human health and the environment.[*»”] In comparison,
fire-retardant coatings have multiple advantages, such as achiev-
ing a desired fire-retardant level using a very thin fire-retardant
coating, retaining physical properties (e.g., color) of the coated
materials, and general applications to varied substrates. There-
fore, it has been highly attractive to create high-performance fire-
retardant coatings.

Recently, we have developed one new type of water-based,
bioinspired sulfur-containing ionic polymer coatings, poly(VS-
co-HEA) or PVH and its hybrid, which endows rigid PU foam
(RPUF) with an ability to self-extinguish at a coating thickness
ranging from 200 to 600 um, in addition to a strong interface
adhesion.®] Nevertheless, because of its strong polarity, such
ionic polymeric fire-retardant coating shows poor adhesion to
non-polar substrates, including EPS and PE. Moreover, this coat-
ing cannot self-heal at room temperature, which can compromise
its long-term durability. Despite these encouraging advances, to
date it has been highly challenging to develop water-based high-
performance fire-retardant coatings combining high efficiency, a
room-temperature self-healing ability, and strong adhesion to po-
lar and nonpolar substrates due to a lack of rational design prin-
ciples.

In nature, mussel features unique strong adhesion, self-
healing, and charring due to their abundant catechol groups
that have multiple dynamic physical interactions and an ability
to self-crosslink to generate nonflammable char residues (see
Figure 1A).I° Inspired by these intriguing mechanisms, we pro-
pose a “group synergy” design strategy to engineer a new type
of fully polymeric fire-retardant coating (PVHDx) via free radical
copolymerization of hydroxyethyl acrylate (HEA), vinylphospho-
nic acid (VPA), and dopamine methacrylate (DAMA). The group
synergy enables the unique combination of strong adhesion, self-
healing, and high fire-retardancy in as-synthesized PVHDx coat-
ings. Because of the presence of abundant hydroxyl and cate-
chol groups, these coatings exhibit strong adhesion to various
substrates from steel, wood, PU, and cotton to EPS and PE
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through multiple non-covalent interactions.®*1% The extensive
intermolecular hydrogen bonding, the damaged PVHDx coat-
ing shows an ability to self-heal at room temperature if expo-
sure to moisture, thus reducing the need for costly repair upon
damaged."'l More importantly, three monomers work coopera-
tively to generate synergistic fire-retardant effects, via the catalytic
charring effect of VPA on HEA, and the self-crosslinking of cate-
chol groups at high temperatures or in hot acidic environments
created by VPA at high temperatures,®'?] thus leading to a ro-
bust structurally integral char layer as a fire shield, in addition to
strong free radical scavenging effects of both phosphoric and cat-
echol groups.[¥! Due to the unique synergistic effect, with only
200 um thick of coating, the treated EPS foam is nearly nonig-
nitable, achieving a desirable UL-94 V-0 rating and a record high
limiting oxygen index (LOI) up to 40.5 vol%, far surpassing exist-
ing fire-retardant strategies. Moreover, such fire-retardant coat-
ings also exhibit exceptional fire protection for other flammable
polymer foams, timber, cotton fabric, and nonflammable steel.
This work offers an innovative design concept to develop next-
generation fire-retardant coatings, which provide fire protection
for a variety of substrates and thus hold great promise for prac-
tical applications in the fields of buildings, electronics, textiles,
energy, and beyond.

2. Results and Discussion

2.1. Bioinspired Design of Fire-Retardant Coatings

Generally, water-based fire-retardant coatings show poor interfa-
cial adhesion to non-polar polymer foams, e.g., EPS and PE be-
cause of only the presence of very weak Van der Waals forces
between them.[! In nature, because of its abundant catechol
groups, mussel byssus exhibits strong adhesion to many sub-
strates via multiple non-covalent interactions, such as hydrogen
bonding, ligand bonding, cation-z bonding, and z-z interactions
(see Figure 1A).°%1% In addition, the formation of crosslinked
polydopamine structures in specific environments (pH = %1, or
high temperatures)®®'?] and their free radical scavenging activ-
ity can make an additional contribution to the optimization of
the fire safety properties of the coatings.'**"! Figure 1B illus-
trates the chemical structures of the as-synthesized copolymer,
PVHDx, and two control copolymers, PHD, and PVH, as well
as the roles of each monomer in the copolymer coatings. Specif-
ically, i) catechol-containing monomer, dopamine methacrylate
(DAMA), contributes to the coating adhesion; ii) DAMA and film-
forming monomer, hydroxyethyl acrylate (HEA) containing ter-
minal hydroxyl groups serve as the carbon sources;!"! and iii)
vinylphosphonic acid (VPA) provides fire retardancy by catalyz-
ing the formation of carbonaceous layers at high temperatures
in the condensed phase and scavenging free radicals in the gas
phase.[1¢]

With these three monomers, VPA, HEA, and DAMA, trans-
parent PVHD terpolymer solutions can be readily synthesized
via one-step free radical copolymerization in a water/ethanol
mixed medium (Figures S1,S2, Supporting Information). By tun-
ing the molar ratio of three monomers, VPA/HEA/DAMA = (55-
X)/45/x (x = 3,5,7), terpolymeric PVHD coatings with different
DAMA contents are prepared to optimize adhesion and fire per-
formance. It should be noted that the copolymerization reaction

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BAIERID 3|ed! dde au) Ag peusnob 8. Sap1Le YO ‘88N JO S9N 10} AXe1g 1T 8UIIUO /8|1 UO (SUORIPUOD-PUR-SWRI WY B 1M ARe1d U1 UO//SANY) SUORIPUOD PUE SLB L 83 885 *[17202/2T/80] U0 A%iq1T8UIIUO 4811 *110UN0D YoIessay [BIPSIN PUY L3ESH UOIRN AJ ESF0TYZ0Z BUIPe/Z00T OT/I0p/W0D" A3 1M AReIq1BUIIUO//SUNY WO} papeojumMOd ‘v *F20T ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

A B
Hi hTemp
Mussel byssus g o 0o o//';\OH o 0o o P
n

pH—~'lO

+ Charring via

D O PA self-crosslinking

- Metal-Catechol Coordination
- Anion-n-Cation Interaction
- Cation-mt Interaction
- Hydrogen Bonding

[2)
O ': . ?‘9 .O.O P _ - Strong adhesion
[ ] ] 0 e v
|
Substrate

Highly Adhesive, Self-Healing,
Highly Fire-Retardant

www.advmat.de

g OH NH s so o7l
HO HO HO
HO
OH
PVHDXx PHD PVH
ll gf::? DAMA & HEA @ A @
ynergy For adhesion & For coating ~ For flame
—> flame retardancy formation retardancy

=
Hydrogen-bonding/m-n stacking
/Anion-ttinteractions

D E
5 3.9 350 MP 3004 PVH 291.2 W/g
o 364 |77 I reo| —PVHO7
5 - o 1 ——PHD
“é 2 3E Coating\L; g
A 2 2.95 B < 200
; - < 30 2 170.0 W/g
- ® o 150
Moisture-triggered || self-healing § 274 § 1
@ 3 0.74 @
x 097 0.65 ® 1004 89.0 W/g
& 061 i I g
o L o3 T 504
031 g 020
sooum 0.0 T =T T T T 01 T T T T T
= Wood Steel PS PU PET PE 200 300 400 500 600
Matrix Temperature (°C)
F G
3001 273J/gK Calculated
< BN Experimental
i" 250
el
£ 200
S
8
9 150
3
o 1004
5
T 504
Thickness:~200 um
0
PVHD7

Figure 1. Mussel-inspired design of fire-retardant coatings enabled by group synergy. A) Schematic illustration for mussel byssus showing strong ad-
hesion to the substrate surface, and its DOPA units have charring and self-healing abilities. B) Mussel-inspired conceptual design of highly adhesive,
self-healing, and high-efficiency fire-retardant coatings enabled by group synergy. C) Photographs of the scratch-defected PVHD?7 coating before and after
healing. D) Shear strength of PVHD?7 coating against different substrates. E) Heat release rate curves of PHD, PVH, and PVHD7 detected by microscale
combustion calorimetry (MCC) system. F) Heat release capacity of PHD, PVH, and PVHD7 obtained by MCC system and MGC calculation. G) Butane

flame ignition tests for evaluating the fire performance of PVHD7.

becomes unstable and tends to form gels if the content of DAMA
is higher than 7%. For comparison, two binary copolymers with
VPA/HEA and HEA/DAMA, designated as PVH and PHD, are
prepared (Supplementary Information). The chemical structures
and compositions of these copolymers are characterized by 'H
nuclear magnetic resonance (NMR) (Figures S3-S5, Support-
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ing Information) and infrared spectroscopy (IR) (Figure S6,
Supporting Information). PVHD7 shows a low weight-average
molecular weight (M,) of 15,874 g mol™!, due to the inhi-
bition effect of DAMA on polymerization (Table S1, Support-
ing Information). In comparison, PHD exhibits the highest
(M,,) of 234,081 g mol~!, because of the initial formation of

w
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phosphoric anhydride as an intermediate in the cyclopolymer-
ization of VPA, which impedes chain extension and presents
challenges in achieving high and uniform molecular weight
products.[!]

Upon cast-drying, the PVHD7 copolymer forms a light yellow
yet transparent film, indicating its excellent film-forming ability
because of the presence of flexible HEA monomers (Figure 1G
on the left). Meanwhile, because of the rigidity of DAMA, its in-
troduction increases the glass transition temperature (T,) of the
final coatings, as evidenced by an increase in T, from —13.5 °C
to 21.4 °C as the DAMA content increases from 0 to 5 mol%
(Figure S7 and Table S2, Supporting Information). The copoly-
merization of soft HEA monomers and rigid VPA and DAMA
monomers enables the final PVHDx coatings to be thermody-
namically stable (Figures S8-S11, Supporting Information) and
to readily form a thin film. More importantly, because of the for-
mation of extensive hydrogen-bonding and other non-covalent
interactions between polymer chains, as-prepared PVHDx film
can readily repair at room temperature if sprayed with a small
amount of water or even left in a relatively humid environ-
ment (Figure 1C). Such self-healing ability can significantly ex-
tend the lifespan of the coating. In addition, this copolymeriza-
tion can potentially create additional synergistic effects between
three monomers in terms of adhesion and fire performances
(Figures S8,S9 and Table S2, Supporting Information).

2.2. Adhesive Properties of Fire-Retardant Coatings

An ideal fire-retardant coating should exhibit a strong adhe-
sion to a variety of surfaces. To assess the adhesion of PVHDx
coatings, we chose different substrates, including PS, PE, PU,
polyethylene terephthalate (PET), solid wood, and steel, because
they are extensively used in buildings and other fields. As pre-
sented in Figure 1D, PVHDS5 exhibits varied adhesion to dif-
ferent substrates because of different interfacial interactions,
with a shear strength against different substrates in the order:
wood (3.52 MPa) > steel (2.95 MPa) > PS (0.74 MPa) > PU
(0.65 MPa) > PET (0.31 MPa) > PE (0.20 MPa). Indeed, the cat-
echol moiety in PVHDx enables adhesion to almost any sur-
face, such as through z—z stacking with PS and PET, and hy-
drogen bonding and mechanical interlocking with wood with
a rough surface.' In comparison, a relatively weak adhesion
to nonpolar PE is because there are only poor Van der Waals
forces between them. Overall, this indicates that as-synthesized
PVHDx shows an ability to adhere to both polar and non-polar
substrates.

2.3. Fire Performances of Fire-Retardant Coatings

The fire performances of fire-retardant coatings themselves gen-
erally determine their fire protection capabilities. To visually
examine the fire performance of as-synthesized PVHDx coat-
ings, a cast-drying PVHD7 film with a thickness of 200 um is
flame-attacked by a butane torch with a flame temperature above
1100 °C (Figure 1G the left). Though the flame temperature is
much higher than the ignition points of most organic polymers,
no ignition is observed throughout the ignition process, and the
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coating retains its original shape after 60 s of flame attack, even
if the film is loaded with a metal clamping (Figure 1G the right;
Movie S1, Supporting Information). During fire testing, one can
see the gradual formation of a moderately expanded, structurally
integral, and thermally stable char layer, which is expected to pro-
vide effective fire protection for underlying substrates by prevent-
ing heat and mass transfer.

To further assess the fire performances of as-developed
PVHDXx coatings, a microscale cone calorimeter (MCC) is used.
As compared to a very high peak heat release rate (PHRR) of
1161.0 W g~! and a total heat release (THR) of 51.0 k] g~! for
the organic EPS foam (Figure S12, Supporting Information), bi-
nary PHD copolymer exhibits a lower PHRR of 291.2 W g~!
and a smaller THR of 17.3 K] g™' (Figure 1E; Figure S13 and
Table S7, Supporting Information). In contrast, the PVH shows
smaller PHRR and THR values than the PHD. In comparison to
both PHD and PVH, as-synthesized PVHD7 terpolymer demon-
strates the smallest PHRR of 89.0 W g~! and THR of 6.7 k] g*
(Figure 1E; Figure S14 and Table S7, Supporting Information),
clearly showing the best fire performance of PVHDY7. Interest-
ingly, both PHRR and THR values decrease with increasing
DAMA contents in the PVHD. The results also indicate a syn-
ergistic effect between the three monomers in terms of fire per-
formance.

Theoretically, the flammability of polymers is closely related
to the heat release capacity (HRC) of specific functional groups
in the polymers, which has been proposed by Lyon et al.'8] The
HRC of a polymer can be calculated using a molar group contri-
bution (MGC) method Equation (1):8]

HRC,, = Y w,xHRC, )

Where HRC_, is the calculated HRC of a polymer, HRC; reflects
the contribution of group i to HRC, and w; is the weight fraction
of group i in the polymer.

The contribution of both catechol and phosphonic groups to
the HRC of PVHDx is further determined using MCC tests in
conjunction with a database of MGC,["! so theoretical HRC_,
values of the copolymers can be calculated (Tables S3,54 and
Figure S15, Supporting Information). The HRC results clearly
show a synergy between VPA and HEA, and between VPA, HEA,
and DAMA (Figure 1F), but an anti-synergy between HEA and
DAMA by comparing their HRC_, values and experimental ones
(Tables S5-S7, Supporting Information). For instance, PVHD7
gives an experimental HRC of 86 ] g~! K much lower than the
theoretical 183 J g~! K and the difference becomes larger with in-
creased DAMA contents, indicative of a strong synergy between
VPA and DAMA monomers in terms of fire performances (i.e.,
HRC).

2.4. Room-Temperature Self-Healing of PVHDx Coating

Self-healing properties enable surface coatings to spontaneously
regain their protective function after damage and to fulfill their
function in damage-prone external environments.!'""! To simu-
late real defects, PVHD7 coating was first applied onto the glass
substrate surface, then scratched with a surgical blade, followed

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BAIERID 3|ed! dde au) Ag peusnob 8. Sap1Le YO ‘88N JO S9N 10} AXe1g 1T 8UIIUO /8|1 UO (SUORIPUOD-PUR-SWRI WY B 1M ARe1d U1 UO//SANY) SUORIPUOD PUE SLB L 83 885 *[17202/2T/80] U0 A%iq1T8UIIUO 4811 *110UN0D YoIessay [BIPSIN PUY L3ESH UOIRN AJ ESF0TYZ0Z BUIPe/Z00T OT/I0p/W0D" A3 1M AReIq1BUIIUO//SUNY WO} papeojumMOd ‘v *F20T ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SORNCF s JAATERTALS

www.advancedsciencenews.com www.advmat.de

PVHD7 coati
pating Scratch

damag

Scratched area

Glass Scratched \ Healed are

Healed PVHD7 coating

PVHD?7 coating Needle D

Puncture
damaged
—>

Hole area Healed area

Glass
Healing ole N

(80 %RH) .
Healed PVHD7 coating l

g/ 48h

— 10°
K Associated | — Initial PVHD7 G Exo | L PAVGY, o
o
— Hydrous PVHD7 A Hydrous PVHD7 Ooooo
s i o
Re-dried PVHD7 T=129°C oogoo
Associated *O-H - . 090 ©
4 o
8 g 2 \/\ <10 o200 50
e e ~] £ o [ 0© o AL
8 8 s |T550 = [ AAKRREAEEAAAAAS
S S o T () "“"a ”””””
2 @ i \/\ ~ H-bond networliA
©
2 < 3 <101 d.)o o
——PVHD7 )
____ — Hydrous PVHD7 A2
A 120%C § , 20ap,A00
T T T 1 T T T T
4000 3200 4000 3200 2400 3750 3500 3250 3000 2750 -50 0 50 100 150 102 107 10° 10' 10?
Wavenumber (cm™) Wavenumber (cm™) Temperature (°C) Angular frequency (rad/s)
1
H20-mediated  |* H20
Damage chain movement evaporation
/d e /¢
- H-bonding + H-bonding
rearrangement rearrangement
« e stack
rearrangement
=—= PVHD7 = smeeeeeees Hydrogen-bonding nnm - rercstacking finn - Anion-mtinteraction

Figure 2. Moisture-mediated self-healing of PYHD7 coating. A) The scratch and B) perforation experiments for assessing self-healing properties.
C) scratch-defected, D) hole-defected coatings, and optical microscopic (OM) images for before and after healing. E) in situ IR spectra of PVHD7. F) IR
spectra of PYHD7, hydrous PVHD?7, and re-dried PVHD?7. G) Differential scanning calorimetry (DSC) curves and H) Dynamic rheological behaviors of
PVHD?7 and hydrous PVHD?7. I) Schematic illustrations showing self-healing mechanisms occurring in self-healing coatings.

by moistening the defect area and left to allow itself to self-heal  denced by the disappearance of holes (Figure 2B,D; Figure S19,
at room temperature (Figure 2A). Optical images show that the  Supporting Information).

scratches completely disappear after 48 h, demonstrating its ex- To understand why PVHD7 coating gains such a satisfac-
cellent self-repairing ability (Figure 2C; Figures S18,520, Sup-  tory self-healing ability, varied temperature FTIR (VTIR) was
porting Information). In addition, the coating was punctured  performed by heating the coating from 30 to 120 °C, followed
with a tapered needle and then allowed to heal for 48 h at 80%RH, by cooling to 30 °C (Figure 2E). The associated v, intensity
which further confirms its desired self-healing ability, as evi-  at 3300 cm™' decreases, the free v, intensity (3850 cm™)
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increases slightly, and then bounces back to the initial state when
the temperature increases from 30 to 120 °C and then returns to
30 °C. This indicates the breakage and dissociation of inter/intra-
molecular hydrogen bonding (H-bonding) as the temperature
increases, resulting in the creation of free hydroxyl groups.!?’]
Also, the incomplete recovery of the intensity of stretching vi-
bration peak of hydroxyl groups (O—H) during cooling is an
indication of the self-condensation of part hydroxyl groups to
form ether bonds. Meanwhile, when the damaged PVHD7 is
exposed to high humidity, the associated v, ; peak undergoes
similar intensity changes with the introduction or removal of
H,0 molecules (Figure 2F). Additionally, a slight red shift of
the C=0 peak at 1724 cm™! is observed (Figure S21, Supporting
Information), implying an increase in the number of H-bonds,
which is attributed to that H-bonds between H,O molecules and
PVHD?7 gradually replace those between chain segments in a hu-
mid environment.[?*?!] The intermolecular H-bonding interac-
tions between PVHD7 and H,O are further evaluated by rheo-
logical tests. A so-called “platform” of the storage modulus (G’)
appears at a low frequency (<1 rad s™') (Figure 2H), indicative
of the existence of an H-bonding network in hydrous PVHD?7,[22]
which can induce a chain rearrangement, as reflected in the fact
that the decreases the T, of hydrous PVHD? from 12.9 to be-
low —50 °C, where the migration of PVHD7 chain segments is
no longer restricted (Figure 2G). Subsequently, the volatilization
of the H,O molecules leads to the re-disruption of the water-
chain segment H-bonding, and the occurrence of H-bonding re-
arrangement and z—r stacking rearrangement between the chain
segments further facilitated the healing process (Figure 2I). In
brief, the dynamic and reversible nature of the H-bonding and z—
« stacking is responsible for such a water-mediated self-healing
process.

2.5. Application of Fire-Retardant PVHDx Coatings to EPS

To validate the fire protection capability of PVHDx, the EPS is
selected as a substrate since it has been extensively used for
building thermal insulation but is extremely flammable and hy-
drophobic. Figure 3A illustrates the manufacturing process of
PVHD-coated EPS foam using rod-coating, with a coating thick-
ness of less than 200 um (Supplementary Information). Addi-
tionally, the coating surface is further treated with a silicone
resin emulsion to generate a very thin hydrophobic layer to mit-
igate moisture and UV sensitivity (Figures 3A,B; Figure S22
and Movie S2, Supporting Information). The cross-section of
PVHD7-coated EPS foam shows a bilayer microstructure with
an ~170 ym thick PVHD7 layer and an ~1.8 um thick hy-
drophobic silicone layer on the top surface. Energy-dispersive
X-ray (EDX) elemental mapping confirms the uniform distri-
bution of C, P, and N elements throughout the cross-section
of the PVHD?7 coating layer, while a small amount of Si ele-
ment from the hydrophobic layer is mainly distributed on the
topmost part of the coating (Figure 3B; Figure S24, Supporting
Information).

To evaluate the adhesion of PVHDx to EPS foam, we employ
the established adhesion theory that high adhesion strength is
attributed to high cohesive energy density (CED) and interfacial
adhesion energy (IAE),?3! which can be calculated by molecu-
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lar dynamics simulations. PVHD5 shows a smaller IAE value
but higher CED than both PHD and PVH, indicating its greater
energy drop upon binding to EPS and superior interfacial sta-
bility, as well as higher adhesion toward EPS (Figures 3C-E).
The shear strength results are in good agreement with the the-
oretical calculations. The shear strength of different copolymers
against PS follows the order: PVHD5 (0.74 MPa) > PVHD7
(0.71 MPa) > PVHD3 (0.69 MPa) > PVH (0.51 MPa) > PHD
(0.26 MPa) (Figure 3F). The presence of the dopamine-like
DAMA monomers not only improves the cohesive energy of the
coatings but also enhances the interfacial compatibility between
the coating and EPS, as reflected by a seamless adhesion interface
(Figure 3G). PVHDY7 shows a slightly smaller shear strength than
PVHDS5, mainly because of its lower molecular weight which
can weaken intermolecular interactions. The strong adhesion of
PVHDS5 to EPS is mainly because of the z-7 stacking interactions
between benzene rings in EPS and catechol groups in PVHD5.
In addition, the presence of other multiple interactions, e.g.,
anion-z, and hydrogen bonding between catechol, phosphonic
acid, and/or hydroxyl groups, and spontaneous oxidative cross-
linking behaviors also contribute to the higher CED and adhe-
sion of PVHDx as compared to PHD and PVH (Figure 3H).[%l
Meanwhile, the adhesion results indicate a synergy between three
monomers in terms of enhancing the CED of PVHDx coatings
and its adhesive ability.

2.6. Fire Performances of Coated EPS Foam with PVHDx
Coatings

Despite being an excellent building thermal insulation foam,
EPS often presents a grand fire threat because it combines high
flammability, low melting point, and poor char formation, mak-
ing it intractable to create fire-safe EPS foam. Therefore, EPS
foam is first chosen for assessing the fire protection ability of as-
developed PVHDx coatings. To visually evaluate the fire protec-
tion, a homemade fire-testing setup with a digital camera and an
infrared thermal imager is established to observe flame spread
on a wooden cabin model (Figure 4A). As a result, upon expo-
sure to butane flame, the untreated EPS foam is ignited within 1
s, then burns violently, and experiences a rapid volume shrinkage
because of its porous structure and low melting point. The flame
rapidly spreads to the wooden cabin, the temperature of which
rapidly rises to 600 °C, and exceeds the upper detection limit of
the instrument (>660 °C) in 60 s with continuous burning after
the igniter removal (Figure 4B). EPS exacerbates the burning of
the wooden cabin, eventually leading to only a little cabin debris
left (Figure 4D).

Meanwhile, a commercially available grade B1 fire-retardant
EPS (EPS-B1) is sourced and tested for comparison. The EPS-B1
shows good fire retardance since it cannot be ignited when ex-
posed to flames of ~1,100 °C for 8 s (Figures 4B, E). Despite this, it
starts to gradually melt and eventually is ignited after 18 s of flame
exposure. The flame quickly spreads to the entire exterior wall at
60 s, with the cabin eventually leaving very little residue (>660 °C)
(Figure 4E; Movie S3, Supporting Information). This highlights
the difficulty in reducing the flammability of EPS by traditional
fire-retardant methods, especially when EPS foams are exposed
to extremely high temperatures/heat fluxes. Unlike EPS-B1, the
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Figure 3. Adhesion properties of PVHDx coating. A) Illustration of the fabrication of EPS@PVHDx foam. B) Scanning electron microscopy (SEM) image
for the cross-section morphology of the PVHD7-coated EPS foam along with EDX elemental mapping. C—E) Stable states, interfacial adhesive energies
(IAEs), and cohesive energy densities (CEDs) of (C) PHD, (D) PVH, and (E) PVYHDS5 on the PS surface. F) Shear strength of coatings on PS. G) SEM
image for the cross-section morphology of the PVHDS5-coated EPS foam. H) Chart illustrating the adhesion or shear strength tests for foam materials.

EPS foam treated by the PVH coating does not melt even after
being exposed to flame for 90 s due to the thermal protection
effect of the char layer from the PVH coating (Movie S3, Sup-
porting Information). However, because of insufficient thermal
protection, the internal foam gradually softens, thus leading to
thermal stress shrinkage and eventually the detachment of the
char from the cabin wall.

In sharp contrast, the EPS@PVHD7 foam cannot be ig-
nited throughout the ignition process, and thus the wooden
cabin behind it only exhibits a temperature rise of 6 °C in the
vicinity of the flame (Figure 4C; Movie S3, Supporting Infor-
mation). Moreover, the EPS@PVHD7 foam not only retains
its integral structure and size but also produces a robust in-
tumescent char layer under the flame (Figure 4F). This char
layer enables the foam to maintain its relatively steady tem-
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perature even under violent flames (x1,100 °C), thus provid-
ing desired fire protection for the cabin behind. Meanwhile,
any unfavorable phenomenon, such as buckling and detach-
ment, is not observed, further highlighting the exceptional fire
performances of EPS@PVHD7 foam and fire protection of
PVHD?7.

In addition, since the PVHDY7 coating can be scaled up for
production, a large-size EPS@PVHD?7 foam (35 X 30 X 5 cm’)
is manufactured to further evaluate its fire performance
(Figure 4G). Likewise, the large foam can withstand a violent
flame strike when exposed to a flame temperature of up to
1100 °C for ~30 s, without generating bright flames and vol-
ume shrinkage (Figure 4H; Movie S6, Supporting Informa-
tion). The macrostructure of the foam remains unchanged,
despite a small area of heat diffusion occurring from the

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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behavior of the cabin protected by (D) EPS, (E) EPS-B1, and (F) EPS@PVHD7 under the butane flame for 90 s, along with their side temperature variation
with time determined by the IR camera. G) Digital photograph of large-scale EPS@PVHD7 foam of ~1050 cm? area. H) Digital photograph (Left) and

infrared thermal imaging (Right) of the ignition process of large-scale EPS@PVHD7 when it was burned by a butane flame for 30 s. I) Digital photos of

large-scale EPS@PVHD?7 after two consecutive 30 s ignition
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ignition point (Movie S6, Supporting Information). In con-
trast, upon exposure to flame, the EPS foam shows a long
violent burning (>6 min), ultimately leading to significant
fire damage to the underlying timber (Movie S4, Supporting
Information).

Apart from a qualitative visual evaluation of fire performances,
several quantitative assessments, such as LOI, vertical burning
tests, and cone calorimetry testing are also conducted on PVHDx
coatings. The PVHD7-coated EPS foam achieves a high LOI of
up to 40.5% and a satisfactory UL-94 V-0 rating, as compared
to an LOI of 18.0% and no rating during vertical burning test-
ing for untreated EPS foam (Figures S25,526 and Table S7, Sup-
porting Information). This further shows that EPS@PVHD?7 is
highly fire-retardant and can meet stringent fire-retardancy re-
quirements for its application as a building thermal insulation
material.

Compared with LOI and vertical burning testing, cone
calorimetry is a more powerful tool for assessing the real burn-
ing behaviors of materials under forced fire scenarios, because it
can provide more key fire parameters, such as time to ignition
(tign), HRR, smoke production rate (SPR), and CO production
(COP). Under an external heat flux of 35 kW m™?, the t;,,, of virgin
EPS and EPS-B1 are 50 and 59 s, respectively (Table S8, Support-
ing Information). Their long t,, values are not because of their
good fire retardance, but because, before ignition under external
radiation, their melting and shrinkage enlarge the distance be-
tween the foam surface and the cone heater.*»?*] Upon ignition,
EPS, and EPS-B1 reach their PHRR values of 529 kW m=2 at 79 s
(tpurgr) @and 370 kW m~2 at 99 s, respectively (Figure 5A). In con-
trast, EPS@PHD shows a shorter ¢, but a significantly longer
time to PHRR (tpypg) 0f 127 s relative to EPS (Table S8, Support-
ing Information).

In comparison, both EPS@PVH and EPS@PVHD?7 achieve
ultralow PHRR values, which are 83% and 87% lower than that
of virgin EPS, respectively (Figure 5A). The PVH coating expands
slowly when exposed to heat radiation until it collides with the
ignition gun, which causes the char to rupture and the ignition
of the underlying foam, followed by an impermanent burning
(less than 10 s) (Movie S7, Supporting Information). In contrast
to the PVH coating, the PVHD?7 coating can form a more robust
char layer since it contains more polyDAMA segments. More im-
portantly, as an antioxidant, the catechol group in PVHDx can
significantly interrupt the ignition process by scavenging active
HO- radicals,!'**??] one of the unstable strong oxidizing radicals
involved in the free radical chain reaction in the gas phase dur-
ing combustion,?®! thus allowing EPS@PVHD?7 to give a very
long t,, of 445 s, indicative of strong anti-ignition ability of the
PVHD7 coating.

Meanwhile, two important fire parameters, fire perfor-
mance index (FPI) and fire growth index (FGI) calculated by
Equations (2,3), are introduced. Larger FPI and smaller FGI val-
ues generally indicate better fire retardancy and lower fire risk.
Untreated EPS exhibits a small FPI of 0.095 m?s kW~! but a
large FGI of 6.69 kW m~2 s7!, indicating its serious fire risk. In
contrast, most of the coatings increase FPI values of the foams
to varying degrees and all of them dramatically reduce FGI val-
ues. Specifically, the FPI and FGI values of EPS@PVHD?7 are
6.45 m?s kW~! and 0.12 kW m~2 s71, respectively, 68-fold and
1.8% than that of untreated EPS, and 40-fold and 2.6% than that
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of commercial EPS-B1 foam, further highlighting the better fire
retardance and lower fire risk of PVHD7 (Figure 5B).

ti n
FPI = —> 2)
PHRR
ey~ PHRR A
tPHRR
TRP = Gex \/ tign (4)
tign = L (5)
Gex — Yerit

Another key metric, the thermal response parameter (TRP),
reflects a material’s ignition delay under external heat flux
Equation (4) and is also used for evaluating fire performances.
EPS@ PVHD? gives a far higher TRP value of 738 s!/2 kW m~2,
tripling that (247 s'? kW m™?) for highly flammable EPS
foam, further indicating the anti-ignition ability of EPS@PVHD7
(Table S8, Supporting Information). In addition, the minimum
heat load required for the ignition of EPS foam can be quan-
titatively evaluated by the critical heat flux (q.;) according to
Equation (5). In Equation (5), b is the fitting constant and
G represents the minimum value of heat flow to ignite
a substance. The g, for EPS@PVHD7 is 34.8 kW m™2,
much higher than 18.8 kW m=2 of the pristine EPS and
8.0 kW m~2 of EPS@PVH. This means that the as-developed
PVHD?7 coating can act as an exceptional fire shield by enhanc-
ing the anti-ignition ability of the underlying flammable sub-
strates in most fire scenarios (Figure 5C; Table S9, Supporting
Information).

It is reported that ~80% of deaths in building fires are caused
by the inhalation of smoke and toxic gases,[?! and thus the con-
trol of SPR and CO production is crucial. The uncoated EPS
foam exhibits a high average specific extinction area (ASEA)
value of 684.6 m? kg™!, bringing about a peak SPR (PSPR)
value up to 0.15 m? s71. Despite a certain fire retardance, EPS-
B1 releases more smoke during burning (745.8 m? kg™ for
ASEA and 0.22 m? s7! for PSPR). In contrast, both ASEA and
PSPR of EPS@PVHD?7 respectively reduce to 251.9 m? kg™! and
0.049 m? s71, 63% and 67% lower than that of EPS foam, re-
spectively (Figure 5D; Table S8, Supporting Information). More-
over, EPS@PVHDY also shows appreciable reductions in peak
CO production (PCOP) and peak CO, production (PCO,P), a
decrease of 59% and 77%, respectively, compared to those of
EPS (Figure 5E; Table S8, Supporting Information). The sig-
nificant smoke suppression of PVHD7 is mainly attributed to
its superior charring ability, which facilitates the formation of
an integral protective layer to prevent the thermal decompo-
sition and burning of the internal EPS (Table S8, Supporting
Information).

To highlight the merits of the terpolymer PVHD7 coating,
the PHRR reduction, prolonged ignition time, and LOI value of
EPS@PVHD7 are compared with those of previously reported
fire-retardant EPS foams in Figure 5F, with detailed fire perfor-
mances and preparation methods listed in Table 1. Encapsula-
tion of PS masterbatch with fire retardants before foaming is
the existing dominant approach for making fire-retardant EPS
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Figure 5. Coated EPS foam exhibits enhanced fire-retardant performances. A) HRR curves, B) FPI and FGI, C)

and the fitted t;,,, curves plotted

ign

with respect to q,, for foam samples. D) SPR curves. E) CO production plots. F) Comparisons of LOI, PHRR redguctlon and prolonged t;,, between
as-designed EPS@PVHD?7 with other existing fire-retardant EPS foam counterparts.

foam. However, this method usually fails to prevent the melt-
ing of EPS at high temperatures. Almost all encapsulated fire-
retardant EPS systems do not show extended time to ignition
(t lgn) Only a few surface FR coatings, such as a phenolic epoxy
resin (PER)/ammonium polyphosphate (APP)/functionalized
graphene (TGE) coating, with a thickness of 300 um, can delay
the . by 224 s.”! However, this system is still inferior to as-

1gn
developed PVHDY7 coating, as evidenced by a t,,, extension of 395

gn
s at a coating thickness of only 200 um. Moregover, the PVHD7-
coated foam achieves an unprecedented LOI of 40.5 vol%, far su-
perior to previous counterparts, in addition to a substantial re-
duction in PHRR (—87%).

Some encapsulated fire retardants, e.g., fire-retardant

polyurethane foam (PFWPU)/APP?”] and melamine-urea-

Adv. Mater. 2024, 36, 2410453 2410453 (10 of 19)

formaldehyde resin (MUF)/intumescent flame retardant
(IFR),’”! provide comparable reductions in PHRR (91%
and 88%, respectively). However, because of their limited
efficiency, a very high loading level (above 60 wt%) is usually
required to endow the final foam with desired fire retar-
dancy, which often increases the difficulty in the foaming
process and the deterioration of the mechanical proper-
ties of the final foams. Another drawback of the encapsu-
lation method is the difficulty of recycling the foam after
use.

Overall, PVHD7 coating is superior to previous fire-
retardant approaches in terms of improving LOI values
and anti-ignition ability and reducing heat and smoke re-
lease of EPS. Moreover, PVHD7 coating combines multiple
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Table 1. Comparison of fire performances of as-designed fire-retardant EPS foam with previous counterparts.

FR systems Refs. Lol PHRR [kW/m?] PSPR [m? s7] tign (5) UL-94 rating Method
PVHD7 This work 40.5% 69 (—87%) 0.025 (~82%) 445 (+395) V-0 Coating
GO/DOPO [5a] 29.0% 304.6 (—38%) - 31 (+28) V-0

EG/APP/CaCO, /EA [5b] 37.7% ~250(=50%) - 17 (-23) V-0

PER/APP/TGE [75] 35.5% 201.4(=54%) 0.039(—55.2%) 227 (+224) V-0

PFWPU/APP [27] 35.8% 53.8(~91%) - 47 (+38) V-0 Encapsulated
PF/AP/EG [4b] 28% 115(—60%) 0.063(~52.3%) 52 (+50) V-0

ATH/PF [7a] - 121(~82%) - 16 (+11) -

P(NTMS-POA) 28] 26.5% 215(—68.8%) - 6 (+2) V-0

N/P intumescent FR [29] 28.8% 188(—71.6%) 54(—70%) 5 (+3) V-1

APSC 130] 35.2% 316(—52.6%) 0.3(-73%) - V-0

MDI/IFR 131] - 57.6(~81%) - - -

EMF/MCAPP 132] 31.4% 173(~81.5%) - - V-0

DOPO/Si [4a] 34.0% 163.9(~72%) 0.16(—20%) 5 (+4) V-0

PA/ Starch 33] 35.5% 107(~83%) 0.1(~73%) 18 (+6) V-0

RP/EG 34] 26.9% 181 (—72.9%) 0.15(~86%) - V-0

PHTD [4d] 28.8% 226.1(~74.9%) 0.05(~77.3%) 27 (+24) V-0

MPP/EG 35] 33.5% 197 (-71%) 0.04(—84%) - V-0

APP/ ZrO, 36] 31.5% 179(~79%) - 15 (+14) V-0

HPCTP [24] 29.6% 169(—56.9%) - 14 (-25) V-0

MUF/IFR 137] 36.3% 49(—87.9%) - 4.2 (-0.2) V-0

EG/ ATHMWNT 38] 30.3% 177(-81%) - 4.8 (+10) V-0

FA/ATH/PF 139] 29.6% 120(—59.9%) 0.017(—66%) 8 (-2) V-0

EG 3b] 31.3% (~77%) - - V-0 Reactive

advantages, such as facile synthesis, green solvent, high
transparency, self-healing ability, strong adhesion, and out-
standing fire retardancy (Figures S$18,5S22,S23, and S26,
Supporting Information), thus holding great promise
for massive production and many potential industrial
applications.

2.7. Fire-Retardant Mechanism of PVHDx Coatings

It is of great significance to elucidate the fire-retardant
actions of PVHD7 coating on EPS foam. Theoretically,
phosphorus/nitrogen-rich fire-retardant coatings function by not
only diluting flammable gases but also releasing phosphorus-
containing free radical species to inhibit chain reactions via
quenching active free radicals in the gas phase. For this reason,
we first employ thermogravimetric analysis-infrared spectrom-
etry (TG-IR) to determine gaseous pyrolysis products. EPS
shows a main decomposition temperature of 400-500 °C in
N, condition, and its decomposition products exhibit strong
absorption signals of hydrocarbons, such as benzene rings
and =C—H groups at 3074 and 1498 cm™' (Figures S28,529,
Supporting Information). It indicates that EPS mainly degrades
to aromatic monomers, dimers, aromatic heterocyclic groups,
etc.[?) In contrast, all coatings show attenuated absorption peaks
despite an earlier pyrolysis. Apart from the signals of carbonyl
compounds (1762 cm™), both PVH and PVHD7 show non-
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combustible CO, (2358 cm™!) and P—O (950 cm™!) fragments,
which can dilute the fuels and interrupt the chain reaction in the
gas phase (Figure S28, Supporting Information). In addition,
the weakest IR signal of PVHD?7 indicates its highest charring
ability.

Unlike in N,, EPS undergoes a more complete oxidative de-
composition in air conditions. The absorption peaks located at
3072, 1496, and 692 cm™! correspond to benzene rings, and those
at 1632, and 910 cm™! belong to the stretching of C—C bonds and
bending vibrations of —CH, at 420 °C, indicating the initial de-
composition of EPS (Figure 6A).[*] A clear and persistent CO,
signal (2351 cm™) is also detected and does not disappear un-
til 800 °C (Figure 6A). In comparison, PHD shows two intense
outgassing phases at 550 and 622 °C, respectively, attributed
to the decomposition of polyHEA and polyDAMA segments
(Figure S29D1, Supporting Information). The combination of
VPA and DAMA monomers inhibits the gas release of coating,
raising the major pyrolysis temperature of PVHD7 to 770 °C.
Notably, carbonyl-derived gases disappear and only CO, gases
are released, which can slow and even terminate the combustion
(Figures 6B,C).

To understand the flame inhibition effect of PVHDx coatings
in the gaseous phase, the flame inhibition effect is quantified by
Equation (6), where EHC is the effective heat of combustion ob-
tained from cone calorimetry.*”) EPS@PVHD7 shows a flame
inhibition effect of 55%, much higher than 28% of EPS@PVH
(Table S10, Supporting Information), further confirming a

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 6. Modes of action of PVHD7 coating. A,B) In situ FT-IR spectra of evolved gases for (A) EPS, and (B) PVHD7 coating. C) FT-IR spectra of
gaseous products of EPS and various coatings at their violent decomposition temperatures. D) Digital and SEM images and EDX mappings of the top
surface for the char from EPS@PVHD?7 after cone testing. E) FT-IR spectra of char residues for EPS, EPS@PVH, and EPS@PVHD?7. F) XPS results
of PVHD7 before and after various high-temperature conditions. G) Raman spectra of EPS@PVHD?7 after cone test. H) Schematic illustration for the
combustion as a function of temperature for EPS@PVHD?7.
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synergistic flame inhibition effect between polyDAMA and
polyVPA.

EHC,

Flame inhibition effect = 1 — ———<oated foam (6)
EH Cfoam
TML
Charring effect = 1 — " coated foam (7)
TMLfoam
PHRR, THR

coated foam /

coated foam (8)
PHRRg, .

TH Rfoam

Barrier protective effect =1 —

Besides a gas-phase mechanism, theoretically, surface fire-
retardant coatings often act in the condensed phase due to their
high char yields and ability to form an integral char layer when
exposed to heat fluxes. According to Equations (7,8), the char-
ring effect of EPS@PVHD7 reaches 35%, with a barrier pro-
tective effect of up to 86% (Table S10, Supporting Information),
which implies the high charring ability and excellent thermal pro-
tection of the char layer derived from PVHD?7 coating.[*®! This
can be reflected by a more integral and thicker char layer for all
coated foams except EPS@PHD (Figure S30, Supporting Infor-
mation), in contrast to no residues left for both EPS and EPS-B1
after cone tests. Microscopically, EPS leaves a fragmented char
residue with a porous and loose microstructure at high mag-
nifications (Figure S31A,A1, Supporting Information). In sharp
contrast, EPS@PVHDY leaves a highly compact interact char
residue without any pores (Figure 6D; Figure S31C,C1, Support-
ing Information). Additionally, a uniform distribution of element
P (17.6 wt%) from polyVPA, and elements C (17.6 wt%) and
O (52.1 wt%) in the selected area is determined (Figure 6D). It
is noteworthy that element N is also determined, implying that
the dopamine moiety in the coating participates in the charring
process.

Furthermore, we probe the chemical compositions of the top
surface of chars. The FT-IR spectrum of the EPS foam char shows
absorption peaks at 3450 cm™! (vO—H), 1066 cm~! (vC—OH),
1604 and 696 cm™! (benzene ring),% indicative of a carbona-
ceous layer (Figure GE). In contrast, these absorptions cannot
be detected in the char of EPS@PVHD7, suggesting that the
top char layer is largely derived from PVHD7. Meanwhile, the
catalytic carbonization of phosphonate groups in PVHD?7 re-
sults in the generation of a phosphorus-rich carbonaceous layer,
as confirmed by new peaks for P—O-C at 989 cm™! and P=0
at 1190 cm™1."} A characteristic peak at 1415 cm™" attributed
to the C=N group generated by the DAMA monomer appears
at elevated temperatures (Figure 6E; Figure S17, Supporting
Information).I”®! These results further prove the key role of
PVHDY in the condensed phase. Raman spectra of char residues
show their area ratios of D to G peak (I, /I;) values in an order of
EPS (2.47) > EPS@PVH (2.38) > EPS@PVHD?7 (2.25), indicat-
ing that the presence of VPA and DAMA enhances the graphi-
tization degree of the char (Figure 6G; Figure S32, Supporting
Information).

X-ray photoelectron spectroscopy (XPS) is further used to re-
veal elemental compositions of the chars (Figure S33, Supporting
Information). Compared to PHD, elemental P is determined in
the chars of PVH and PVHD?7. The signal of N 1s is detected
in PVHDY even after heating treatment at 600 °C in air, indicat-
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ing the formation of a P/N/C hybridized char layer (Figure GF).
First, the ratio of O 1s to C 1s increases slightly with increas-
ing temperature, while the content of P 2p increases significantly
(Figure GF). It further indicates the lower thermal stability of hy-
drocarbon chain segments dominated by polyHEA in PVHD?7,
and the gradual transformation of the PVHD7 coatings from a
carbonaceous layer to a more stable phosphorus/carbonaceous
layer. There is only a tiny decrease in the content of N, imply-
ing that only part of elemental N is also involved in the char
formation by oxidative cross-linking of the dopamine analogs.
In addition, the deconvolution of the high-resolution C 1s spec-
trum proves the existence of several functional groups, e.g.,
C=C (284.6 €V), C—C (285.0 eV), C—O and C—N (286.3 eV),
and O—C=0 (288.8 V) (Figure S34, Supporting Information).
The gradual disappearance of O=C—O with increasing temper-
atures further proves the degradation of polyHEA segments.
The appearance of a binding energy peak at 290.0 eV is caused
by z—z" excitation affected by emitted electrons.[*!l This sug-
gests that the thermal stability and thermal transition behavior
of polyDAMA segments play a crucial role in the condensed
phase.

Based on the above comprehensive analysis, a possible mode
of action for as-designed PVHD? is proposed (Figure 6H). Upon
exposure to external heat flux, dehydration reactions first oc-
cur between hydroxyl, phosphate, and catechol groups in the
terpolymer, leading to the formation of a stable cross-linked
network. With increasing temperatures, the breaking of chem-
ical bonds results in the release of volatile gas products, pri-
marily non-combustible gases (e.g., water vapor, CO,, and N,)
and-PO,H, free radicals,!'®! which can inhibit the flame in the
gas phase by diluting fuels/oxygen and interrupting chain re-
actions, and contribute to the volumetric expansion of the char
layer. With a further increase in temperature, the polyHEA seg-
ments undergo dehydration and cyclization in the presence of
phosphoric acid derived from polyVPA. Meanwhile, the poly-
DAMA segments undergo oxidative cross-linking promoted by
phosphoric acid, which improves the quality of the char layer.
A mechanically robust, slightly expanded, structurally integral
char layer is eventually created after multiple-step complicated
chemical reactions. Such char layer can effectively block heat
and mass transfer as well as oxygen permeation, thus pro-
viding desired fire protections for the underlying substrates,
e.g., EPS.

2.8. Anti-Aging of PVHDx Coatings and their Impact
on the Thermal Conductivity of EPS

Though surface-treated foams are not always used in an en-
vironment directly exposed to sunlight, it is still necessary to
evaluate their anti-aging ability. Both EPS and PVH-treated EPS
demonstrated an excellent UV-resistant ability, as evidenced
by their unaltered colors and morphologies after 96 h of UV-
accelerated aging tests (Figures S35,S36, Supporting Informa-
tion). In comparison, no significant changes in microstructure
and morphology are determined though the color of PVHDx
coatings becomes slightly yellow and deepens with increas-
ing DAMA contents (Figures S35-S37, Supporting Informa-
tion). This means that as-prepared PVHDx coatings possess
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a good anti aging ability. In addition, because of a much
higher thermal conductivity (4) of 0.342 W mK-!, the pres-
ence of as-developed PVHD?7 coatings increases the 4 of EPS
to 0.0390 W mK~! (Figure S38, Supporting Information), which
still meets the value required for building thermal insulation
materials.

2.9. General Applications of PVHDx Coatings
to Various Substrates

To explore the general fire protection of as-developed PVHD7
coating, we select several other representative flammable poly-
mer foams (PU, PET, PE), solid wood, and cotton fabrics, as well
as noncombustible steel plates. Because of a reliable adhesion to
these substrates (Figure 1D), the PVHD7-coated foams can be
readily manufactured (Figure S40, Supporting Information).

As-developed PVHD7 coating can also provide these
flammable polymer foams with exceptional fire protection.
PU foam exhibits a short t,, of ca. 11 s and a high PHRR
of 306 kW m=2 at 63 s (Table S13, Supporting Information).
In contrast, the coated PU foam forms a solid char layer
on the foam surface and its t,, and tpygg are prolonged to
33 and 1247 s, respectively, with a very small PHRR value
of only 61 kW m=2, reducing by 80% (Figure 7A), in addi-
tion to a significant reduction in smoke release (Table S13,
Supporting Information). The protection of PVHD7 coating
significantly reduces the thermal degradation of PU and thus
increases the char residue (Figure 7B) and the formation
of an intact and compact protective char layer, relative to a
porous, loose residue for virgin PU (Figure 7C). Meanwhile,
PVHD?7 provides similar fire protection for both PE and PET
foams and even endows them with a self-extinguishing ability
(Figures S41,S42, Supporting Information). This highlights
its general fire protection applications for nearly all polymeric
foams.

Solid wood has been widely used as building materials but
also presents potential fire hazards, as highlighted by the recent
Notre-Dame de Paris fire. Compared with untreated wood, the
treated wood, wood@PVHD?7, shows a significant delay in #,,
from 110 to 214 s, indicative of an improved anti-ignition abil-
ity (Table S13, Supporting Information). Meanwhile, wood ex-
hibits two HRR peaks, indicating its two-step combustion fea-
ture (Figure 7D). The first peak is more important because it
represents a critical window for occupant evacuation in a build-
ing fire. The treated wood, wood @PVHD?7, exhibits a very small
1% PHRR (ca. 36 kW m~2), a 73% reduction relative to the con-
trol wood. Also, all smoke parameters are decreased to different
extents (Table S13, Supporting Information). This is attributed
to the higher residual char yield (24.0 wt%, 16-fold of uncoated
wood) of wood@PVHD? (Figure 7E) and the intact char layer de-
rived from PVHD?7 (Figure 7F).

Flexible substrates, such as cotton fabric, have been widely
used as architectural decorative and curtain materials. Its fire-
retardant treatment can be carried out by simply immersing
the fabric into the PVHD7 coating solution followed by air-
drying. As-developed PVHD?7 coating can offer a similar satis-
factory fire protection for cotton fabrics. The untreated fabric
gives a high PHRR value of 217 W g~! and a high THR value of
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16.6k] g~! due to its inherent flammability (Figure 7G; Table S14,
Supporting Information). In comparison, the treated fabric, cot-
ton@PVHD?7, shows significant decreases in both PHRR and
THR. Meanwhile, cotton fabrics can be ignited within 3 s upon
exposure to a flame, followed by a continuous vigorous burning
until it burns out completely, after the ignition source removal
(Figure 7H). In contrast, the cotton@PVHD?7 can self-extinguish
within 5 s after torch removal and retain its intact shape
(Figure 7I), thus achieving a UL-94 V-0 rating (Movie S8, Sup-
porting Information). These results fully suggest the excellent
fire protection of PVHD? for cotton fabric and other flammable
fabrics.

In addition to the above flammable organic materials, we fur-
ther assess the thermal protection of our PVHD7 coating for
load-bearing steel. Because the mechanical strength of steel is
extremely sensitive to temperature and often drops by 309%6-50%
above 400 °C,[*?) thus tending to trigger an instantaneous col-
lapse of the steel structure. A homemade testing set-up is built
to evaluate the thermal protection of PVHDY for steel, and ther-
mocouples are used to record the top surface temperature (TST)
of the tested steel plates when the bottom side of which is ex-
posed to a vigorous butane flame (>1400 °C) (Figure 7]). When
exposed to the flame, the TST of the bare steel rapidly increases
from room temperature to 400 °C within 127 s and reaches 485 °C
at 240 s. In contrast, the TST of the PVHD7-coated steel rises
more sluggishly with increasing exposure time, reaching a steady
400 °C until 400 s, and maintaining 120 °C lower than that of
the bare steel (Figure 7K; Movie S9, Supporting Information).
Such good thermal protection is largely due to the great adhe-
sion of the coating to the steel as well as the thermal barrier ef-
fect of the char layer derived from PVHD?7 (Figure 7L). Therefore,
the as-prepared PVHD7 coating holds great potential providing
for satisfactory thermal protection for steel structures in real
scenarios.

3. Conclusion

In this study, we report a bioinspired, self-healing, highly adhe-
sive, highly effective fully polymeric fire-retardant coating based
on the proposed “group synergy” design principle. The As-
created fire-retardant coating exhibits a rapid moisture-trigged
self-healing ability and strong adhesion to various polar and non-
polar substrates. It can provide exceptional fire/thermal protec-
tion from a variety of substrates, such as flammable polymer
foams (e.g., EPS, PU, PE, PET), timber, cotton fabric, and steel.
With only a 200 um-thick coating, the coated EPS foam can re-
sist ignition and self-extinguish immediately. In addition to a
desired UL-94 V-0 rating and a high LOI value of 40.5%, the
treated EPS foam shows a significantly improved anti-ignition
ability, an ultralow PHRR value of 69 kW m~2 (reduced by 87%),
and a PSPR value of 0.049 m? s7! (reduced by 67%), compared
to the control EPS foam, making it far surpass commercial B1
grade fire-retardant EPS, and previously reported fire-retardant
EPS counterparts. Such exceptional fire performances are mainly
attributed to the positive synergistic effect between phosphonic,
catechol, and hydroxyethyl groups that lead to the formation of
an intact compact char layer in the condensed phase, in addition
to their free radical scavenging effect in the gas phase. Moreover,
PVHDx coatings show an insignificant impact on the thermal
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Figure 7. The PVHD7 coating offers general fire protection. A) HRR curves, B) Mass loss curves, C) Digital photographs (left) and SEM images (right)
for the char residues of PU and PU@PVHD?7 foams. D) HRR curves, E) Mass loss curves, F) Digital photographs (left) and SEM images (right) for the
char residues of solid wood and PYHD7-coated wood. G) HRR curves of cotton and PVHD7-soaked cotton fabrics detected by MCC system. H,l) Digital
image of VFT test: (H) cotton fabric, and (I) PVHD7-soaked cotton fabric. J) The homemade setup for determining the TST of steel plates. K) The TST
of steel sheet, and steel@PVHD7 and the TST difference (/\TST) between bare and coated steel specimens as a function of heating time. L) Digital
photograph of steel @ PVHD?7 after fire testing.
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insulation of EPS foam, which can be accurately predicted by
theoretical calculations. Thus, as-developed fire-retardant coating
can provide universal fire protection for a wide range of materials
including polymer foams, timber, fabrics, and steel structures.
This work provides a promising material design principle that
helps expedite the development of fire-safe coatings and materi-
als for extending their applications in the areas of construction,
transportation, pipelines, electronics, and beyond.

4. Experimental Section

Materials:  Vinylphosphonic acid (VPA, >95%) and 2-hydroxyethyl
acrylate (HEA, 99%) were purchased from Shanghai Macklin Biochem-
ical Co., Ltd., China. 2-(3,4-Dihydroxyphenyl) ethylamine hydrochlo-
ride (DOPA, 98%), 2,2'-azobis (2-methylpropionamidine) dihydrochloride
(AIBA, 98%) and methacrylic anhydride (95%) were obtained from An-
hui Senrise Technologies Co., Ltd, China. Sodium tetraborate decahydrate
(99%) and sodium bicarbonate (99%) were supplied by Bide Pharmat-
ech Co., Ltd, China. Hydrochloric acid was purchased from Sinopharm
Chemical Reagent Co., Ltd, China. Ethanol (>99.9%), tetrahydrofuran
(THF, >99.9%), ethyl acetate (EA, >99.5%), and hexane (>97%) were
purchased from Shanghai Titan Scientific Co., Ltd, China. Dialysis bags
of 1000D were obtained from Shanghai Yuanye Bio-Technology Co., Ltd.,
China. Expandable polystyrene (EPS, density: 22 kg m~3) foam and com-
mercial fire-retardant EPS foam (EPS-B1, density: 22 kg m™3) were sup-
plied by Shenzhen Lehao Building Materials Co., Ltd., China. Polyethylene
terephthalate (PET) foam was supplied by Jiangsu Yueke New Material
Co., Ltd, China. Polyethylene (PE) foam was supplied by Shanxi Miaoyao
Building Materials Co., Ltd., China. Wood (China fir) was supplied by Xi-
angfa Timber Processing Factory., China. Cotton fabrics (100%, 315 g m~2)
were supplied by Yifang Textiles Co., China. Steel (Q235) was provided by
Xinghua Zhongzhiyuan Stainless Steel Products Co. Ltd., China. Silicone
resin emulsion (Melonbean-9712) was obtained from Melonbean Innova-
tive Welt GmbH, Friedberg, Germany. All chemicals were used as received
without further purification.

Polymerization and Characterization of Poly(Vinylphosphonic Acid-Co-2-
Hydroxyethyl Acrylate-Co-Dopamine Methacrylate) (PVHDx): Here, a rep-
resentative synthesis of the PVHD7 was described. purified HEA (5.0 g,
43 mmol), VPA (5.2 g, 45.8 mmol), and AIBA (0.09 g) were stirred in a
mixed solvent of deionized water (33.9 g) and ethanol (4.5 g) ina 100 mL
closed round bottom flask, and the mixture was bubbled with N, for
30 min. DAMA (1.48 g, 6.7 mmol) dissolved in ethanol (10 g) was added
dropwise to the above solution within 10 min. The obtained solution was
then heated to 60 °C and stirred under N, atmosphere for 24 h for poly-
merization. The as-obtained crude product consisted of the main copoly-
mer product and by-products of lower molecular weight polymers. Sub-
sequently, by-products and excess solvents were removed by dialysis, fol-
lowed by concentration under reduced pressure to the desired concen-
tration for further coating applications. The purified ternary copolymer
coating can be obtained by precipitation and collection in acetone, fol-
lowed by vacuum drying at 30 °C, for further characterization (Figure S44,
Supporting Information). Likewise, both PYHD3 and PVHDS5 were synthe-
sized with different initial VPA: HEA: DAMA feed ratios based on the above
process. The chemical structures and compositions of these copolymers
were characterized by Fourier transform infrared (FT-IR) spectra and 'H
NMR using D,0O as the solvent. The VTIR was carried out using a VER-
TEX 70v spectrophotometer (Bruker, Germany) under a nitrogen atmo-
sphere in the range of 1100-4000 cm~', and the PVHD7 coating was ap-
plied on ZnSe substrate and heated from 30 to 120 °C at 1°C min~". The
weight-average (M,,), number-average (M,) molecular weights and poly-
dispersity (PDI) of PHD were obtained by a gel permeation chromatograph
(GPC, PL-GPC120) eluting with DMF, whereas PVH, PYHD5, and PVHD7
were eluted with H,O. Dynamic frequency sweeps of PVHD7 and hydrous
PVHD?7 were performed on a rheometric expansion system at room tem-
perature at a frequency range of 0.03—-100 rad s~' under a strain of 1% in
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the linearity region. Scanning electron microscopy (SEM) and energy dis-
persive X-ray spectrometry (EDX) measurements were performed to char-
acterize the morphology and composition of PVHD7 coating using a field
emission scanning electron microscope (SU8010) at an accelerating volt-
age of 5.0 kV. Before the test, the specimen surfaces were coated with a
thin-layer gold.

Thermal Analysis: A differential scanning calorimeter (TA Discovery
DSC 250) was used to determine the glass transition temperature (T,)
values of coatings. Approximately 3.0 mg of the specimen was enclosed
in an aluminum pan, and nitrogen was used as the protective gas at a
flow rate of 50 mL min~". Coatings were heated from 20 to 70 °C at a rate
of 10 °C min~", kept isothermally for 10 min before being quenched to
—80°C and then heated to 180 °C at a rate of 5 °C min~'. The data were ob-
tained from the second heating scan. Thermogravimetric analysis (TGA)
tests were performed on a TG 209F3 thermogravimetric analyzer (NET-
ZSCH, Germany). Typically, 5-10 mg of specimens was heated from room
temperature to 800 °C at a heating rate of 20 °C min~' under air and ni-
trogen atmosphere. The TGA results indicate that the copolymer coatings
exhibit higher char yields than EPS foam in N, conditions (Figures 8,511,
Supporting Information). The PHD copolymer shows an increased initial
degradation temperature (T;) ~269 °C and a relatively reduced charyield of
7.9 wt% (Table S2, Supporting Information), because of its good thermal
stability but low charring ability from the polyHEA segment. In contrast,
the presence of the phosphorus-rich monomer VPA can provide flame re-
tardancy at lower temperatures (T; < 173 °C) and facilitate suppressing the
decomposition of polyHEA segments at ~440 °C (Figure S8B, Supporting
Information). For PVHD?7 coating, the involvement of DAMA in an acidic
environment optimizes the thermostability of the coating, evidenced by its
elevated T; and char residues (40.0 wt%) compared to PVH (Figure S8A,
Supporting Information).

Since fire-retardant coatings often work in air atmosphere, it is more
important to investigate their thermal oxidation degradation behaviors in
air. EPS still exhibits a single-step decomposition behavior because of its
charring feature, but the T, is significantly advanced by ~80 °C and al-
most no residue is left ultimately (Figure S11, Supporting Information).
Additionally, the T; of the binary copolymer PHD is reduced by 43 °C com-
pared to that in N, (Table S2, Supporting Information) due to the lack
of flame-retardant elements and stable structures. In contrast, the T; of
PVHD?7 is delayed by ~17 °C (Figure S9A, Supporting Information), pre-
sumably due to the oxidative polymerization of the polyDAMA segment
in the copolymer with the involvement of acid and oxygen, accompanied
by the optimization of its early thermal stability. On the other hand, the
char yield of binary copolymer PVD reaches 25 wt%, despite its inferior
film-forming performance (Figure S10, Supporting Information). Through-
out the entire heating process, the mass loss of PVH remains consistently
lower than those of all terpolymer coatings, demonstrating the synergistic
flame-retardant effect between DAMA and VPA. All the coatings undergo
secondary degradation above 700 °C, attributed to the poor heat resistance
of the polyVPA segment in the air (Table S2 and Figure S9B, Supporting
Information).

Fire Testing: Microscale combustibility tests were carried out on a mi-
croscale combustion calorimetry (MCC) system (Govmark, Model MCC-
2, USA). Typically, #8 mg of the coatings or EPS were heated from 100
to 650 °C at a heating rate of 1°C s~ with nitrogen/oxygen (80,20, vol-
ume ratio) gas mixture. The limiting oxygen index (LOI) was obtained by
a JF-3 oxygen index instrument (Jiangning, China) with a sample size of
100 x 10 x 10 mm? according to 1S04589-2:1996. The UL-94 vertical burn-
ing test was undertaken using a 5402H-V BURNING TESTER instrument
and the sample had a size of 130 x 13 x 10 mm? according to ASTM D
3801. A Cone Calorimetry Test (CCT) was carried out on an FTT UK device
according to ASTME1354 and I1SO 5660. PU, PE, PET, and wood speci-
mens (100 X 100 x 30 mm?) were tested at a heat flux of 35 kW m~2,
and EPS specimen (100 x 100 x 30 mm?) was tested at the heat fluxes
of 25, 35, 45 and 60 kW m~2. The thermographic images were captured
using an infrared thermal camera (FLIR E85) with a thermal sensitivity
of <2%. The thermal protection tests were carried out by burning Q235
steel (100 x 100 x 2.5 mm3) protected on one side by PVHD7 coat-
ing in a butane-air mixture flame, and the temperature change on the
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back side of the steel (unprotected) was monitored in real-time using a
thermocouple.

Fire-Retardant Mechanism: Thermogravimetric analysis-infrared spec-
trometry (TG-IR) was used to investigate the gas-phase fire-retardant
mechanism of the coatings, carried out on a thermogravimetric analyzer
(DT-50) coupled with a Fourier transform infrared spectrometer (170SX)
from 25 to 800 °C at a heating rate of 20 °C min~' under nitrogen and
air atmosphere. X-ray photoelectron spectroscopy (XPS) testing was per-
formed on an ESCALAB250 (ThermoVG, USA) spectrometer using Al Ka
(1486.6 eV) radiation with a passage energy of 15 mA and 12 kV. Raman
spectra were recorded on a Dilor SA spectrometer with an argon laser line
at 514.5 nm.

Thermal Conductivity Measurement: Thermal insulation is a crucial in-
dicator in the practical application of EPS foam. Here, two infrared ther-
mography cameras were set up to detect the top and side surface tem-
peratures (TST and SST) of the foam on a hot table at 80 °C (Figure S38C,
Supporting Information). The TST of EPS increases rapidly by 3.5 °C within
2 min and reaches 35.1 °C at 30 min (Figure S38E, Supporting Informa-
tion). The TST then fluctuates within a small range due to external envi-
ronmental disturbances and remains generally stable until 60 min, indi-
cating its good insulation properties. In contrast, the coated foams with
any of the as-synthesized four coatings exhibit similar temperature in-
creases, and both TST and SST show similar trends to those observed
for the neat EPS, indicating the insignificant impact of the copolymer coat-
ings (Figure S38D, Supporting Information). Thermal conductivity (1) was
used to quantitatively characterize the thermal insulation properties of
coated EPS foams at different temperatures, and small foam specimens
with dimensions of 5 x 5 X 3 cm? were prepared for testing. The 4 of the
foam and film samples was performed on a DRL-IIl thermal conductivity
tester using 20 mW output power in the transient mode at a relative hu-
midity of 50 & 10%. The temperature and humidity chamber were used
to store the sample for a minimum of 24 h at 25 °C and 50% humidity
before measurement. The 4 values for all foams increase with rising test
temperature (Figure S38B and Table S12, Supporting Information). The 4
of the coated EPS foam is slightly higher than that of pure EPS because
of the higher 1 value of the coating (0.3420 W m~! K), but it is still at an
acceptable level (<0.04 W m~ K) due to the thin thickness of the coating.

The 4 of the surface-coated bulk material depends mainly on the com-
bined effect of the foam body, the top/bottom coatings, and the four side
coatings. Therefore, an equation is used to predict the value of 4, as shown
in Equation (9):

2t oath t A
Acoatedfoam = coat-coat 4 foam Zfoam + 48 Acoat (9)
total total
tiotal = 2teoat + toam (10)
_ feoat
&= ’ (tcoat << tfoam) (] ])
toam

Where t.,,: and te,, refer to the thicknesses of the coating (~200 pm)
and the underlying foam bulk (here, 3.0 + 0.1 cm), Ao, and A¢y,, are the
thermal conductivity of the coating and the foam respectively, and £ is a
geometric parameter determined by the t o, /tram ratio (<1).

Overall, this method can accurately calculate the 4 values that are close
to the experimental ones (Figure S38A and Tables S11,512, Supporting
Information). For EPS@PVHD7 foam, the calculated A gzted foam Values
exhibit a consistent variation with experimental data with the temperature
transform (Figures S38A,B, Supporting Information).

According to the commercial specifications given by Sto Corp., as an
example, the thickness of EPS insulation boards for actual building appli-
cations ranges from 19 to 305 mm. The effect of a 200 um-thick coating
on the 4 value of the larger samples was evaluated according to Equa-
tion (9). Regardless of the coatings or temperatures, the integrated ther-
mal conductivity gradually converges to A¢,, value with the increase of
troam (Figure S39, Supporting Information). This further provides theo-
retical support for the nearly negligible negative impact of the ultra-thin
PVHD7 coating in practical large-scale applications.
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Water Resistance Tests: Water resistance is another critical factor for
the practical applications of fire-retardant coatings. Though as-prepared
PVHD copolymers are water soluble due to the presence of abundant hy-
drophilic hydroxyl groups (—OH) in the chemical structures, the coating
turns insoluble in water more upon drying at 70 °C which is the temper-
ature for drying all coated samples. Specifically, the heat-dried PVHD7 at
70 °C cannot re-dissolve in water even with prolonged stirring and fur-
ther sonication, and only a slight swelling was observed (Figure S45, Sup-
porting Information). This is primarily because of the self-condensation of
some hydroxyl groups in the copolymer during the heating process, lead-
ing to a slight self-cross-linking of the dry polymer coating, which thus
shows insolubility in water.[*3] This can be verified by the VTIR testing of
PVHD7. As compared with the dry film dried at 30 °C, the PVHD7 film
that was heated up to 70 °C shows a significant reduction in the inten-
sity of the stretching vibration (vo_y) of hydroxyl groups, clearly indicat-
ing that part hydroxyl groups in the copolymer are consumed (Figure S46,
Supporting Information).[**] Meanwhile, the increase in the relative total
intensity of the absorption peak of both P=O and C—O—C groups implies
the formation of new ether groups as a result of the self-concentration of
O—H groups. Another visual evidence is that a 1 mm-thick PYHD7 film
dried at 70 °C could retain its initial shape without redissolving in water
despite some swelling and cracking after being soaked in water for 72 h
(Figure S47, Supporting Information).

Despite its water insolubility, the dry PVHD7 coating surface can still
become sticky when exposed to air for some time depending on the rela-
tive humidity of the environment due to its hygroscopic or moisture sen-
sitivity. Therefore, to address its moisture sensitivity, a thin hydrophobic
silicon coating is applied to the PVHD?7 coating surface to improve its wa-
ter resistance (Supplementary Information). Without silicone-treatment,
the dry coating suffers severe swelling and deformation upon being rinsed
with flowing water for 25 min or being immersed in water for over 45 min
(Figures S48,S50 and Movie S10, Supporting Information). In compari-
son, the silicone-treated EPS@PVHD?7 can withstand its shape and struc-
tural integrity without any changes (Figures S49,550 and Movie S11, Sup-
porting Information), clearly demonstrating its good water resistance. As-
developed fire-retardant PVHD coatings can be mainly used with some
typical materials, including polymeric insulation foams, structural steel
and timber (in buildings), and fabric curtains, which are often used in-
doors, rather than directly exposed to outdoor conditions. This means that
the coatings are less likely to undergo these harsh water-attack scenarios,
such as water rinsing, and immersion in their practical applications.

Mechanical and Adhesive Strength Measurements: The shear adhesion
strength was evaluated by using a SANS universal testing machine (CMT
6000) according to the standard ASTM F2255. The coatings were placed
between two substrates (Steel, PE, PET, PS, PU, and wood) with an over-
lapping area (20 X 10 mm?), and a stretching rate of 10 mm min~'. The
compressive test was performed at a rate of 25 mm min~! using a SANS
universal testing machine (CMT 6000) according to 1ISO604-2002.

UV Resistance Tests: The UV aging experiment was carried out by ex-
posing the foam samples under an UV lamp (distance: 5 cm) with a power
of 20 W and an UV wavelength of 313 nm. The morphologies of the sam-
ples with different irradiation times were observed by digital photographs
(Figure S35, Supporting Information) and microscopically (Figure S36,
Supporting Information). Their chemical structures were recorded by an
FT-IR spectrometer (Figure S37, Supporting Information).

Molecular Dynamics Simulations: To investigate the cohesive energy
density of adhesive copolymers and the interfacial interactions with the
PS surface, corresponding energies were calculated. Molecular dynam-
ics simulations had been performed in the Forcite tool in Materials
Studio.[*3] First, several initial models were built by using the Amorphous
Cell module in Materials Studio. Then, to bring the system to equilib-
rium, the system was separately optimized for energy and geometry. Fi-
nally, 10,000 PS of NVT simulation at 298 K was performed to relax the
polymer structure and achieve system equilibrium. A nose thermostat
was used to control the system temperature. All simulations were per-
formed with a CAMPASSIII force field.l*®! In addition, the mean square
displacement and diffusion coefficient was calculated based on molecular
dynamics.
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