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S1. Preparation of in-situ silica-epoxy composites 

 

Synthesis of 3-(6-oxidodibenzo[c,e][1,2]oxaphosphinin-6-yl)propenamide (DA) 

DOPO (5.40 g, 25 mmol), acrylamide (355 mg, 50 mmol) were placed in a heavy-walled glass 

vials sealed with aluminum crimp caps fitted with a silicon septum. The glass tube (with an 

inner diameter of 3 cm and a volume 60 mL) containing the reaction mixtures was sealed with 

a lid and heated in the microwave oven for 2 h at 120 °C (50 Bar, 1200W) under N2 atmosphere. 

The reactions were performed in Synthwave Microwave Single Reaction Chamber provided by 

MWS MikrowellenSysteme GmbH, Switzerland. The reaction mixture was continuously stirred 

with a magnetic stirrer during the irradiation. The temperature, pressure and irradiation power 

were monitored during the course of the reactions. After cooling down, the solids were washed 

with water and dried in vacuum at 80 °C as white powder with 66% yield. The NMR data and 

the melting point concur well with the published data [1, 2]. 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1. Composition and codes of the investigated epoxy samples 
Sample composition Code 

Pristine epoxy resin (100%) EPO 

Epoxy resin (83%), DA (17%) DA1 

Epoxy resin (77%), DA (23%) DA2 

Epoxy resin (91%), melamine (9%) Mel 

Epoxy resin (71%), DA (22%), melamine (7%) DA2-Mel 

Epoxy resin (98%), silica (2%)  Si2 

Epoxy resin (75%), DA (23%), silica (2%) Si-DA2 

Epoxy resin (89%), melamine (9%), silica (2%) Si-Mel 

Epoxy resin (77%), DA (16%), melamine (5%), silica (2%) Si-DA-Mel 

Epoxy resin (69%), DA (22%), melamine (7%), silica (2%) Si-DA2-Mel 
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S2. ATR-FTIR spectroscopy 
 

 
 

Fig. S1. ATR-FTIR spectra of the uncured resin (a) EPO_WH, (b) cured resin EPO, (c) in-situ silica-
epoxy system Si2 and (d) in-situ silica-epoxy system containing 2 wt% of P and melamine Si-DA2-Mel. 
 
 
Fig. S1 shows that after addition of the flame retardant additive DA to the in-situ silica-epoxy 

system (Si-DA2-Mel) two strong bands of C–O stretching of amide appeared at 1090 cm-1 and 

1260 cm-1 along with a weak shoulder at 966 cm-1 corresponding to P–O–C bonds [3]. The band 

around 760 cm-1 can be attributed to the P–C stretching and the one at 920 cm-1 is ascribed to 

the torsional vibration of the acetaldehyde structure [3]. The bands located between 2860 cm-1 

and 2970 cm-1 can be attributed to the stretching vibration of the C–H and the band around 800 

cm-1 refers to the bending vibration of the N–H bond which presents in the flame retardant and 

melamine [3, 4]. 
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S3. NMR analysis 
 

 

 

 
 
 

 
Fig. S2. 13C-NMR spectrum of the sample composed of DBU, DA and pristine epoxy resin. 

 

Table S2. Sample composition used for NMR and DSC analysis. Sample composition 
was maintained same as used for composite preparation to simulation the actual condition.  

Sample Composition 
DA Pristine DA 

Uncured_EPO Pristine epoxy resin 

Uncured_EPODA Eopxy resin/DA = 2.6 (weight ratio), 5% DBU on the weight of DA 
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Fig. S3. 1H-NMR spectrum of the sample with DBU, DA and epoxy resin. Peaks at 7.1 ppm and 6.8 
ppm (aromatic protons) and 1.6 ppm (methylene protons) are characteristic of bisphenol A. The glycidyl 
terminal group is characterized by peaks in the range of 2.5–4.5 ppm (peaks c, d, e, f and g) [5]. 

 

 
Fig. S4. 31P-NMR spectrum of the sample composed by DBU, DA and pristine epoxy resin. 
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S4. Thermal analysis  
 
Table S3. TGA analysis of all samples in air and N2. T5% is the temperatures at which 5 wt% loss was 
recorded. Tmax1, Tmax2 and Tmax3 are the temperatures at which the weight loss rate reached maximum; the 
residues at 800 °C is also reported. 

Sample T5% (°C) Tmax1(°C) Tmax2 (°C) Tmax3 (°C) 
Residue (wt%) at 

Tmax1 Tmax2 Tmax3 800 °C 

Atmosphere: air 
EPO 336 351 519 - 75 18 - 0.7 
DA2 275 351 526  64 33 - 3 
Mel 250 279 351 509 83 58 24 2 

DA2-Mel 237 277 364 534 82 57 20 3 
Si2 293 367 553 - 61 11 - 1 

Si-DA2 255 313 536 - 78 36 - 9 
Si-Mel 241 274 354 531 83 61 21 2 

Si-DA2-Mel 232 297 364 543 78 59 20 6 
Si-DA-Mel 245 289 361 546 86 63 25 5 

Atmosphere: N2 
EPO 338 354 - - 73 - - 8 
DA2 291 361 - - 54 - - 5 
Mel 254 362 - - 49 - - 6 

DA2-Mel 257 360 - - 49 - - 6 
Si2 333 358 - - 74 - - 12 

Si-DA2 283 362 - - 57 - - 9 
Si-Mel 250 355 - - 61 - - 10 

Si-DA2-Mel 239 363 - - 52 - - 9 
Si-DA-Mel 242 326 - - 66 - - 12 

 
 
 

 
Fig. S5. DSC curves (second heating cycles) of DA, Uncured_EPODA (mixture of pristine epoxy resin, 
DA and DBU) and Uncured_EPO (pristine epoxy resin). During DSC analysis samples were heated 
from 20 to 200 °C under N2 (10 °C/min). The composition of measured samples is reported in Table S2. 
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Fig. S6. TG (a-c) and DTG (b-d) curves of pristine epoxy (EPO) and epoxy composites rec-
orded under air.  

S5. Vertical flame spread tests 

Table S4. Results of flame spread tests in vertical configuration. 

Sample UL 94 / Dripping t1 in Sec. t2 in Sec. 

EPO Not classifiable (NC)/Yes - 

DA1 NC/Yes - 

DA2 V0/Yes 0 0 0 0 0 5 5 6 5 6 

Mel NC/Yes   - 

DA2-Mel V0/Yes 0 0 0 0 0 4 3 2 3 2 

Si2 NC/No   - 

Si-DA2  V0/No 5 6 4 5 4 4 4 6 5 6 

Si-Mel NC/No   - 

Si-DA2-Mel V0/No 0 0 0 0 0 0 0 0 0 0 

Si-DA-Mel V1/No 4 3 3 4 3 11 12 11 13 12 

t1 and t2 = Duration of flaming after 1st and 2nd flame application respectively.  
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Fig. S7. Residues after UL-94 VB tests of (a) EPO, (b) Si2, (c) DA2-Mel and (d) Si-DA2-Mel. 

S6. Pyrolysis combustion flow calorimetry results 

 

Table S5. Pyrolysis Combustion Flow Calorimeter data for all the investigated samples. 

Sample THR (kJ/g) HRC (J/g-K) pHRR (W/g) Residue (wt%) 

EPO 30 ± 0.3 539 ± 44 545 ± 57 6 ± 0.2 

DA2 29 ± 0.4 238 ± 11 238 ± 5 8 ± 0.4 

Mel 29 ± 0.3 634 ± 102 496 ± 9 9 ± 0.8 

DA2-Mel 30 ± 0.5 271 ± 15 271 ± 11 8 ± 0.7 

Si2 28 ± 0.1 450 ± 23 448 ± 22 11 ± 0.9 

Si-DA2 28 ± 0.1 259 ± 11 259 ± 12 10 ± 0.5 

Si-Mel 26 ± 0.7 393 ± 14 393 ± 7 9 ± 0.6 

Si-DA-Mel 28 ± 0.4 345 ± 32 302 ± 16 10 ± 0.9 

Si-DA2-Mel 27 ± 0.1 306 ± 5 245 ± 2 9 ± 0.7 

THR = Total Heat Release, HRC = Heat Release Capacity, pHRR = peak of Heat Release Rate. 
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S7. Cone calorimetry tests and calculation of Flame Retardancy Index, Flame Propaga-
tion Index and Time To Flashover. 
 

 

 

Fig. S8. Photograph of the char residues obtained after cone calorimetry tests for (a) EPO, (b) 
Si2, (c) DA2 and (d) Si-DA2-Mel. DA and silica nanoparticles act in the condensed phase 
through the formation of a coherent char (b-c), while the presence of melamine guarantees an 
evident intumescence (d).  

 

 

 

 

Fig. S9. Capture frame from the video recording the formation of a swollen multicellular car-
bonaceous layer in the cone calorimetry test for Si-DA2-Mel. 
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Table S6. Results from cone calorimetry tests for the investigated samples.   

Sample TTI 
(s) 

TTFO 
(s) 

THR 
(MJ/m2) 

MLR 
(g/s·m2) 

HRR 
(kW/m2) 

pHRR 
(kW/m2) 

Residue 
(wt%) 

FPI 
 

TTF 
(min) 

FRI 
 

EPO 38±3 117± 3 96±3 77±3 532±23 2550±384 1±0.7 67 - - 

DA2 34±1 200±0.5 43±3 30±2 160±20 647±81 3±0.6 19 3 7.9 

DA2-Mel 50±6 206±5 61±6 31±5 238±18 806±124 3±0.5 16 4 6.6 

Si2 40±4 130±5 79±10 42±4 412±11 1964±73 4±0.5 49 - 1.7 

Si-DA2 26±5 158±5 63±7 32±5 276±10 773±108 5±0.7 30 1 3.4 

Si-DA2-Mel  56±4 189±3 59±7 35±3 249±13 823±102 4±0.6 14 4 7.5 

TTI = Time To Ignition, TTFO = Time To Flame Out, THR = Total Heat Release, MLR = Mass Loss 
Rate, HRR = Heat Release Rate, pHRR = peak of Heat Release Rate, FPI = Flame Propagation Index, 
TTF = Time To Flashover, FRI= Flame Retradancy Index. FRI is not reported for EPO, because this 
sample represents the neat polymer.  

 

Flame retardant index was calculated using eq. 1 reported by Movahedifar et al. [6, 7]. This 
index is calculated using the cone calorimeter data of pristine epoxy resin (EPO) and flame 
retardant composites developed in this work (Table S6).  
 

Flame	Retardancy	Index	 = 	
!"#$	·	'!""#$$% ()&'()	+,-./'0

!"#$	·	'!""#$$% ()1,/!,23)'

                                                                                    (1) 

 

On the other side, TTF was calculated according using eq to the formulas reported by Lyon et al. [8] as 
follow:  

Flame	Propagation	Index	(FPI) = 	 *#$$
""+

                                                                                                  (2) 

Time	To	Flashover	(TTF) = 	991 − 629 · log,-FPI                                                                                   (3) 

Flashover is a very important phenomenon which occurs in the case of compartment fires where 
incomplete combustion products accumulate at the ceiling and ignite causing total involvement 
of the compartment materials and signaling the end to human survivability. Therefore, TTT 
represents the time available for escape and this is the single most important factor in determin-
ing the fire hazard. The equation (3) used to calculate the TTF presupposes the knowledge of 
the FPI [8]. Equation (3) provided the best fit (r2= 0.94) to all of the EURIFIC full-scale fire 
test data [9] for 13 different lining materials obtained according to ISO9705 corner wall/room 
fire test using the 100/300 ignition option (100 kW fire for 10 minutes +300 kW fire for addi-
tional 10 minutes) in the corner of a 3.6-m-long x 2.4-m-wide by 2.4-m-high room [8, 9]. 
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Table S7. Smoke parameters from cone calorimetry tests for the investigated samples. 

Sample TSR 
(m2/m2) 

SEA 
(m2/kg) 

CO yield 
(kg/kg) 

CO2 yield 
(kg/kg) 

CO/CO2 
 

EPO 1841± 206 131± 35 0.03± 0.003 0.4± 0.06 0.08 

DA2 4237± 216 524± 30 0.06± 0.0003 0.4± 0.05 0.15 

DA2-Mel 4254± 225 526± 22 0.07± 0.003 0.5± 0.04 0.14 

Si2 1981± 290 241± 38 0.03± 0.004 0.7± 0.02 0.04 

Si-DA2 4626± 304 576± 75 0.08± 0.007 0.5± 0.2 0.16 

Si-DA2-Mel  4108± 275 508± 3 0.08± 0.003 0.5± 0.02 0.16 

TSR = Total Smoke Release, SEA = Smoke Extension Area. 

 

S8. Pyrolysis–Gas Chromatography–Mass and Direct Insertion Probe–Mass Spectrome-
try  
 

Table S8. Major decomposition products of DA [2]. 

 Compound m/z Symbol  Compound m/z Symbol 

 

 
287 

 
F 

 

 

 
232 

 
N 

 

 
72 

 
G 

 

 

 
216 

 
L 

 

 
215 

 
M 

 
 

48 Q 
 

 

 
231 

 
O 

 

 

 
168 

 
P 
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Fig. S10. DIP-MS analysis of Si-DA2-Mel, thermograms of its major decomposition species 
listed in Table S8. 
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Fig. S11. DIP-MS analysis of EPO (blue) and Si-DA2-Mel (orange), thermograms of their 
major decomposition species listed in Table S9: bisphenol A (a), 4,4'-(cyclopropane-1,1-diyl)di-
phenol (b), phenol (c), 4-isopropenylphenol (d), 4-isopropylphenol (e). 
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Table S9. Major decomposition products of pristine epoxy with cycloaliphatic hardener 
under N2 atmosphere [10-18]. 

Compound m/z Name Symbol 

 

 
228 

 
bisphenol A 

 
A 

 

 
226 4,4'-(cyclopropane-1,1-diyl)diphenol 

 

 
B 

 

 
94 

 
phenol 

 
C 

 

 
134 

 
4-isopropenylphenol 

 
D 

 

 
136 

 
4-isopropylphenol 

 

 
E 

 

 

Scheme S1. The proposed mechanism of EPO/DA reactions in oxygen (O2) atmosphere. 
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S9. FTIR and EDX analysis of char 

 

  
Fig. S12. Full scale FTIR spectra of char obtained after vertical burning test of EPO and SI-
DA2-Mel.  
 
Fig. S12 show that in case of char formed from neat epoxy (EPO), peaks at 638 cm-1, 802 cm-

1 and 871 cm-1 are due to aromatic C–H stretching in meta, para and ortho, respectively [3, 19]. 

The combustion of diglycidyl ether of bisphenol A (DGEBA) epoxy resin produces molecules 

containing alkoxy C–O and phenol C–O groups with stretching bands at 1081 cm-1 and 1257 

cm-1 respectively [3, 20]. The band around 1433 cm-1 may be due to the presence of P–N stretch-

ing vibrations in the char [3]. The band at 1510 cm-1 may be attributed to the stretching vibra-

tions of aromatic carbons [3, 4]. The bands at 2852 cm-1 and 2954 cm-1 correspond to the 

stretching vibration of the C–H.  
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S10. Mechanical behavior 
 

Table S10. Tensile tests result of pure epoxy resin (EPO) and epoxy nanocomposites for 
comparison. The tensile modulus was calculated from the slope strain range below 0.2% and 
all the curves are linear until the fracture breaking point, without plastic deformation. 

Sample Et (MPa) σu,t (MPa) εf,t (%) UT (J/m3)  

EPO 2629 ± 42 112 ± 35 4.2 ± 1.2 2162  

Si2 2896 ± 24 89 ± 27 3.1 ± 0.9 1121  
Si-DA2-Mel 3426 ± 15 77 ± 22 2.4 ± 0.7 461  

 

 
Table S11. Results from three-point bending flexural tests for pure epoxy resin, in-situ silica-
epoxy system and the in-situ silica-resin added of melamine and DA (2 wt% of P). 

Sample EB (MPa) σu,B (MPa) εf,B (%) 

EPO 2642 ± 468 106 ± 12 6.2 ± 0.6 

Si2 2920 ± 14 92 ± 15 3.4 ± 0.8 
Si-DA2-Mel 3545 ± 276 76 ± 4 2.6 ± 0.1 
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