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Abstract In this work, waterborne polyurethane (WPU) was inherently susceptibled to combustion, accompanied
by substantial heat release and abundant flue gas emission during burning. Flame retardants solely functionalized
with cyano or phosphaphenanthrene groups are incapable of exerting synergistic condensed- and gas-phase flame-
retardant effects, yielding inferior flame retardancy. In response to this problem, a macromolecular flame retardant
(DAN) containing the cyano and phosphaphenanthrene moieties was designed and synthesized using 2,2
-diallylbisphenol (DDBA) and 2,6-difluorobenzonitrile as the main raw materials. The chemical composition and
molecular structure of DAN were elucidated by Fourier transform infrared spectroscopy (FTIR) and nuclear
magnetic resonance (NMR) spectroscopy. Subsequently, DAN was employed for the chemical modification of
waterborne polyurethane (WPU), and the flame-retardant modified WPU (DANWPU) was thereby fabricated.
Limiting oxygen index (LOI), vertical burning test and cone calorimetry were used to assess the flame retardancy
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of DANWP films, while thermogravimetry (TG) and differential scanning calorimetry (DSC) were employed to
characterize their thermal stability. The water resistance and mechanical properties of the films were further
analyzed by water contact angle, surface energy, water absorption and mechanical property tests. When the mass
fraction of DAN is 9 wt%, compared with the neat WPU, the LOI value of the DANWPU film achieved a notable
rise from 22.0% to 30.6%, and the char residue yield a notable increase from 0.9% to 9.6%, achieving a UL-94 V-0
rating in the vertical burning test. The heat release rate (HRR) and total heat release (THR) of the DANWPU film
achieved a decrease of 49.0% and 47.0%, respectively; in addition, the total smoke production (TSP) and smoke
production rate (SPR) were dropped by 70.0% and 83.0%, respectively. The maximum CO production rate (COP)
of DANWPU was 0.009 g-s". The glass transition temperature (7,) of DANWPU was 310.0 °C, a marked increase
of 36.0 °C higher than that of the neat WPU film. It can be concluded that cyano and phosphaphenanthrene
moieties dominate the condensed and gas phases in the field of flame retardant materials, respectively, and deliver
prominent dual-group two-phase synergistic flame retardancy. This work offers valuable insights for developing
the synergistic flame retardants and promoting their practical applications in polymeric materials.
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Fig. 1 Synthesis route to novel waterborne polyurethane emulsion modified with DAN (DANWPU) and its film-forming process.
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Fig. 2 (a) FTIR spectra of DDBA and DAN; (b) FTIR spectra
of DAN-modified WPU emulsion; (¢) "H-NMR and 3'P-NMR
spectrum of DAN and DDBA.
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Fig. 6 (a) Three-dimensional TG-FTIR spectra of WPU; (b) TG-FTIR spectra of WPU under different temperatures; (c) Three-
dimensional TG-FTIR spectra of DANY; (d) TG-FTIR spectra of DANO under different temperatures.
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Fig. 7 (a) Conical calorimetry macroscopic image and (b) SEM image of WPU; (c) Conical calorimetry macroscopic image and (d)

SEM image of DAN3WPU; (e) Conical calorimetry macroscopic image and SEM image of DAN9WPU; Raman spectra of (g)
DAN3WPU and (h) DAN9WPU.
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Fig. 8 Schematic diagram of flame retardant mechanism for DANWPU.
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