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Abstract 

A novel oligomer (PFDCHQ) based on 9,10-dihydro-9-oxa-10-phosphaphenanthrene 

-10-oxide (DOPO) and ferrocene groups was synthesized successfully, aiming at 

improving the flame retardant efficiency of diglycidyl ether of bisphenol A epoxy 

resin (DGEBA). FTIR, 1H NMR and 31P NMR were used to confirm the chemical 

structure of PFDCHQ. The high char yields of 60.3 wt% and 20.1 wt% were obtained 

for PFDCHQ from TGA results in nitrogen and air atmosphere, respectively. The 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT 

2 

 

thermal degradation mechanism of PFDCHQ was investigated by TG-FTIR and 

Py-GC/MS. The limiting oxygen index (LOI) of EP-5 with 5 wt% loading of 

PFDCHQ increased to 32.0% and the UL-94 V-0 rating was achieved, showing a 

notable blowing-out effect . In contrast to EP-0, the peak of the heat release rate 

(pHRR) and total heat release (THR) of EP-5 decreased by 18.0% and 10.3%. The 

flame retardant mechanism of PFDCHQ in epoxy resin was studied by TG-FTIR, 

SEM and Raman. SEM and Raman results indicated the formation of coherent and 

dense char residue with high degree of graphitization due to the incorporation of 

PFDCHQ. In UL-94, the blowing-out effect dominantly accounted for the enhanced 

flame retardancy in combination with optimized char structure. Furthermore, the 

addition of PFDCHQ improved the Young’s modulus compared to EP-0.  

Keywords: DOPO-HQ; Ferrocene; Synthesis; Epoxy resin; Flame retardant 

mechanism 

 

1. Introduction  

Epoxy resin (EP) is widely applied in many areas such as coating, adhesive, 

laminating, electronic/electrical insulation, and composite application [1-3], due to its 

excellent mechanical properties, chemical stability, bonding behavior and abundant 

product forms [4-6]. However, the high flammability is a general shortcoming of EP 

and limits its applications. Therefore, it has attracted more and more attention to 

endow EP with required flame-retardance.  

As an important halogen-free flame retardant, phosphorus flame retardants 
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(PFRs) [7, 8] have attracted extensive attention [9-11] for their high efficiency. Most 

of the PFRs not only play flame retardant effects through a protective char layer 

caused by the catalyzation of phosphoric acid [12, 13], but also play flame retardant 

role in the gas phase through the radical trapping by PO and PO2 fragments [14, 15]. 

In recent years, 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and 

its derivatives, as a novel kind of PFRs, have received considerable attention 

attributed to their high reactivity [16]. When DOPO-based PFRs are applied in epoxy 

resin, it is often used in conjunction with nitrogen/silicon elements as small molecular 

PFRs [17-19]. However, the non-polymeric PFRs display many drawbacks such as 

poor compatibility with polymer matrix and easily leaching. Comparatively, 

DOPO-containing polymeric flame retardants not only have higher phosphorus 

content and richer aromatic group structures, but also can overcome these 

shortcomings of small molecular PFRs [20, 21].  

The10-(2,5-Dihydroxyphenyl)-10H-9-oxa-10-phospha-phenantbrene-10-oxide 

(DOPO-HQ) is one of the most important derivatives of DOPO. The two hydroxyl 

groups in DOPO-HQ molecule can react with other active function groups to form 

polymeric phosphorus-containing flame retardants, which have good compatibility 

with epoxy resin and are not easily migrated during the processing or using according 

to the published literature [22, 23]. Wang et al. synthesized a polymeric PFR based on 

10-(2, 5-dihydroxyl-phenyl)-9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide 

(DOPO-BQ) and pentaerythritol diphosphonate dichloride (SPDPC), a V-0 rating in 

the UL-94 test was obtained with PFR content of 10 wt% in epoxy resin [24]. Carja et 
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al. reported a new phosphorus flame retardant by solution polycondensation of 

1,4-phenylenebis phenylenebis ((6-oxido-6H-dibenz[c,e][1,2]oxaphosphorinyl) 

carbinol) with phenylphosphonic dichloride, and a UL-94 V-0 rating material was 

obtained when 14.8 wt% PFR were added into the epoxy matrix [23]. In addition, 

Tian et al. synthesized a novel organophosphorus named as 

poly(4,4-dihydroxy-1-methyl-ethyl diphenol-o-bicyclic pentaerythritol 

phosphatephosphate) (PCPBO) and achieved good flame retardant epoxy resin 

composites with the formation of an intumescent char layer [25]. However, the high 

loadings was needed to reach the V-0 level due to the poor catalytic effect of 

phosphoric acid and the low flame-retardant efficiency when these reported polymeric 

PFRs were used in epoxy materials. Therefore, it is a preferable idea to introduce a 

functional group with high-effective catalyzing function onto PFR molecules for more 

char formation. It is already known that transition metals including Fe, Co and Ni can 

cause catalytic char-formation of polymer [26-28]. So, it is a promising way to 

combining iron-containing unit with phosphorus-containing unit. 

Ferrocene has received considerable attention due to its effective smoke 

suppression and catalyzing crosslinking performance [29, 30]. The previous reports 

revealed that some polymers containing ferrocene and phosphorus had high char yield 

and thermal stability [31, 32]. Kishore et al. synthesized a series of polyphosphate 

esters containing ferrocene. Theses polyester-phosphate esters (VI, VII, VIII, IX and 

X) provided high char residues of 28%, 38%, 27%, 23% and 32% at 700 oC [33]. 

Mehdipour-Ataei reported a battery of ferrocene-based polyamides and had high char 
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yield from 43% to 72% at 600 oC [34]. Besides, Liao synthesized a novel 

ferrocene-based copolymer with 62 % char residue at 700 oC under nitrogen. When 

applied it in epoxy resin, a UL-94 V-1 rating and LOI value of 29.2% are obtained, 

which is attributed to the excellent catalytic charring capacity of ferrocene-based 

copolymer [35].  

Combined the merits of DOPO and ferrocene groups, a novel oligomeric flame 

retardant poly 10-(2,5-dihydroxyphenyl)-9,10-dihydro-9-oxa-10-phospha 

Phenanthrene-10-oxide-1,1’-ferrocene dimethyl ester (PFDCHQ) containing 

DOPO-HQ and ferrocene was synthesized and incorporated into diglycidyl ether of 

bisphenol A epoxy resin (DGEBA) to improve its fire retardancy. The chemical 

structure of PFDCHQ was characterized by FTIR, 1H NMR and 31P NMR. The fire 

retardancy, flame retardant mechanism and mechanical properties of EP/PFDCHQ 

composites were comprehensively studied. The results show that PFDCHQ is a kind 

of high-effective flame retardant for epoxy resin material.  

2. Experimental 

2.1. Materials 

Ferrocene (98%), oxalyl dichloride (98.0%) and methylene dichloride (CH2Cl2， 

99.5%) were purchased from Sinpharm Chemical Reagent Co. Ltd. (China). 

DOPO-HQ (Huizhou sunstar technology Co. Ltd., China) was used without further 

purification. Sodium hypochlorite solution (active chlorine is 10%) was provided 

from Shanghai Aladdin Biochemical Technology Co. Ltd. (China). Petroleum ether 

was provided by Tianjin Zhiyuan Chemical Reagent Co. Ltd. (China). Epoxy resin 
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(DGEBA, commercial name: E-44, with an epoxy value of 0.41-0.48) was supplied 

by Nantong Xingchen Synthetic Material Co. Ltd. (Jiangsu China). The curing agent 

m-Phenylenediamine (m-PDA) was purchased from Tianjin Guangfu Co. Ltd. 

(China).  

2.2. Preparation of PFDCHQ 

2.2.1. Synthesis of 1,1’-diacetylferrocene (DAF)  

In a 500 ml three-necked flask with a magnetic stirrer, flux condenser and 

nitrogen inlet, AlCl3 (46.7 g, 0.35 mol) and 125 ml CH2Cl2 were introduced into it. 

The mixture was stirred at room temperature for 5 min. Then, the AlCl3 was dissolved 

after adding 107 ml acetyl chloride dropwise through dropping funnel. Next, 

ferrocene (18.6 g, 0.1 mol, dissolved in 100 ml absolute CH2Cl2) was added dropwise. 

The reaction mixture was stirred at room temperature for 2 h and the dark purple 

solution was produced. Afterwards, the solution was slowly poured into lots of ice. 

The organic phase and water phase were separated with a separating funnel. After that, 

the organic phase was washed with water and extracted, repeatedly three times, then 

the CH2Cl2 was rotary evaporated. The crude product was purified by petroleum ether 

until the washing liquid was colorless. Finally, recrystallization from water gave 20.25 

g (yield: 75%) of red acicular crystal, which was named as DAF. FT-IR (KBr, cm-1) ν: 

3435 (H2O); 3094 (Cp-H); 1660 (-C=O); 2980, 1456 and 1375 (-CH3); 1297, 1150, 

842, 542 and 502 (Cp ring). 1H NMR (600 MHz, CDCl3, δ, ppm): 4.51 (4H, s, Cp), 

4.77 (4H, s, Cp), 2.35 (6H, s, -CH3). The corresponding spectra are shown in Fig. S1.  

2.2.2. Synthesis of 1,1’-Ferrocenedicarboxylic acid (FDC) 
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DAF (13.3 g) was added to 350 ml of 10% sodium hypochlorite solution at 65 °C 

and rapid stirred in the dark. A further 200 ml of sodium hypochlorite solution was 

added after 2 h, and kept rapidly stirring for 6 h at 65 °C. Then the reaction solution 

was filtered hot and acidified to pH 1-2 with concentrated hydrochloric acid, forming 

a copious orange precipitation. The crude product was filtered, next dissolved in 

sodium hydroxide solution, and subsequently, reacidified with concentrated 

hydrochloric acid and precipitated to obtain pure orange 1,1’-ferrocenedicarboxylic 

acid, which was named as FDC (10.8 g, yield: 81 %). FTIR (KBr, cm-1) ν: 3435 (H2O), 

3200-2500 (association of -OH), 1688，1302 (COO) [36]; 1492, 1169 and 841 (Cp 

ring); 1405, 919 (O-H); 1H NMR (600 MHz, CH3COOH-d4, δ, ppm): 4.57 (4H, s, Cp), 

4.93 (4H, s, Cp), 11.59 (-COOH). The FTIR and 1H NMR spectra are shown in Fig. 

S2. 

2.2.3. Synthesis of PFDCHQ 

1,1’-Ferrocenedicarbonly chloride was prepared according to previous work [37]. 

In a 500 ml three-necked flask equipped with a magnetic stirrer and condenser, FDC 

(13.0 g), CH2Cl2 (200 ml), oxalyl chloride (20 ml) and 10 drops of pyridine were 

added and the reaction mixture was stirred at room temperature for 12 h. Subsequently, 

the mixture was heated to reflux temperature for 6 h. Then, the solvent and unreaction 

oxalyl chloride were removed by rotary evaporated under reduced pressure to obtain 

crude product. Finally, the crud product was extracted repeatedly with hot petroleum 

until the petroleum is colorless and the crimson product was obtained, which is named 

as 1,1’-Ferrocenedicarbonly chloride. 
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DOPO-HQ (0.03 mol ) was dispersed in 150 ml absolute CH2Cl2 and added into 

a 500 ml three-necked round-bottom flask equipped a magnetic stirrer, condenser and 

constant pressure dropping funnel. Next, Et3N (8.3 ml) was introduced into the 

mixture and stirred at room temperature for 10 min. Thereafter, 

1,1’-ferrocenedicarbonly chloride (0.03 mol), which was dissolved in 50 ml CH2Cl2, 

was added dropwise. Moreover, the reaction mixture was stirred at room temperature 

for 12 h under the nitrogen protection. Then, the brown solution was poured into 500 

ml methanol with stirring after filtered and washed thoroughly with methanol, the 

resulting product was dried at 60 oC under vacuum to a consent mass (yield: 85 %), 

which is named as PFDCHQ. The preparation route of PFDCHQ is shown in 

Scheme1. 

2.3. Preparation of EP/PFDCHQ composites  

Briefly, the preparation of epoxy composites with 5 wt% PFDCHQ was as 

follows: epoxy resin (50.0 g) and PFDCHQ (2.63 g) were added into a 150 ml flask 

with 20 ml dry CH2Cl2 and stirred 10 min. After a homogeneous mixture was obtained, 

and then placed to the rotary evaporators at 70 oC to remove the CH2Cl2 solvent. Next, 

m-PDA (5.0 g) was added in the mass ratio 10: 1 of EP. After that, the mixture was 

stirred at 80 oC under reduced pressure until no bubbles emerged. Subsequently, it was 

poured into a preheated standard polytetrafluoroethylene (PTFE) mold at 80 oC . The 

mixture was cured at 80 oC for 3 h, 100 oC for 2 h and then 120 oC for 3 h. After 

curing, the samples were cooled to room temperature and the EP/PFDCHQ was 

obtained. The formulas of EP/PFDCHQ composites are listed in Table 1. Other 
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samples were prepared in the same procedure. A schematic representation of the 

preparation process of EP/PFDCHQ composites is shown in Scheme 2. 

2.4. Characterization  

Fourier Translation Infrared Spectroscopy (FTIR) of PFDCHQ and its 

intermediate on a KBr pellet were analyzed on a FTIR spectrometer (Nicolet 5700) 

over the wavenumber from 400 to 4000 cm-1. 

1H NMR and 31P NMR spectra were performed on Bruker Avance 600 

spectrometer (600 MHz), using DMSO-d6 as solvent. 

The glass transition temperature (Tg) of PFDCHQ with ~5 mg was measured by 

differential scanning calorimeter (DSC) on Jupiter STA 449C thermal analyzer 

(Netzsch, Germany) with a heating rate of 10 oC/min ranging from 25 oC to 200 oC 

under nitrogen atmosphere.  

The DSCQ2000 (TA Instrument company, USA) was used to study Tg of EP and 

its composite under nitrogen. All samples were heated from room temperature to 150 

oC at a heating rate 10 oC/min and keeping for 5 min, and then cooled to room 

temperature at -20 oC/min. A second scanning was conducted at the same heating rate 

as the first time from room temperature to 150 oC. 

The molecular weight and their distribution were determined by Gel Permeation 

Chromatography (GPC) with an Agilent 1200SERIES instrument using THF as eluent 

at a flow rate of 1.000 ml/min. 

The thermogravimetric analysis (TGA) of samples with ~5 mg was carried out 

with STA6000 simultaneous thermal analyzer (PerkinElmer, USA) from 40 oC to 700 
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oC at a heating rate of 10 oC/min under nitrogen.  

The pyrolysis behavior (Py-GC/MS) of the PFDCHQ was tested with DANI 

MASTER GC-TOF-MS system combined with a pyrolyzer (CDS5200). The samples 

(~0.3 mg), packed in a quartz tube capillary using the platinum coil attachment, were 

heated from ambient temperature to 700 oC at a rate of 1000 oC/s and kept at this state 

for 20 seconds. The Py/GC interface temperature was set at 100 oC. The transfer line 

temperature was set at 260 oC. The injector temperature was set at 280 oC and 

operated in the split mode (split ratio 1000: 1) with helium as carrier gas. The detailed 

data were analyzed using the NIST Mass Spectral Search Program and the NIST 

library was employed as the standard spectral library to match the volatile pyrolysis 

product recorded from the analysis. 

Thermogravimetric analysis/fourier transform infrared spectra (TG-FTIR) was 

performed on a STA6000 simultaneous thermal analyzer (PerkinElmer, USA) at a 

heating rate of 10 oC/min from 40 oC to 700 oC with ~20 mg powder samples under 

nitrogen atmosphere. 

The limiting oxygen index (LOI) values of the samples were measured by a JF-3 

oxygen index meter (Nanjing Jionglei Instrument Equipment Co., Ltd) according to 

the standard of ASTM D 2863-97 with the three dimensions size of 100.0×6.5×3.2 

mm3.    

UL-94 vertical burning tests were performed on a vertical burning test 

instrument (Nanjing Jionglei Instrument Equipment Co., Ltd) based on the standard of 

ASTM D 3801 with the three dimensions size of 130.0×13.0×3.2 mm3.   
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The cone calorimeter test was carried out on a FTT Standard Cone Calorimeter 

(Fire Testing Technology, UK) according to ISO 5660 under an external heat flux of 

35 kW/m2 with sample dimensions of 100.0×100.0×3.0 mm3. 

The char residues of EP and EP/PFDCHQ composites after the UL-94 test were 

investigated on a TM-3000 (Hitachi, Japan) desktop scanning electron microscope 

(SEM). 

The PIT501J LCD plastic Charpy impact testing machine (Shenzhen million Test 

Equipment Co., Ltd.) was utilized to measure the impact performance of pure EP and 

EP/PFDCHQ composites with their dimensions of 80.0×10.0×4.0 mm3, according 

to GB/T1043-2008. The tensile strength was performed on ETM105D 100 KN 

computer-controlled electronic universal testing machine (WANCE GROUP) with a 

testing speed of 20 mm/min, depending on GB/T1040.3-2006.   

The fracture surface of EP/PFDCHQ composites was carried on the Ultra55 

scanning electron microscope (SEM).  

3. Results and discussion 

3.1. Characterization of PFDCHQ 

The structure of PFDCHQ was confirmed by FTIR, 1H NMR and 31P NMR. 

Some specific absorption peaks appear from DOPO-HQ (Fig.1(a)): 1595 cm-1 (P-Ph), 

1197 cm-1 (P=O), 924 cm-1 (P-O-Ph) [38]. In case of PFDCHQ, these characteristic 

peaks still exist. The peaks at 3107, 1583 cm-1 (benzene ring) and 1450, 832, 493 cm-1 

(Cp ring) [39] are clearly observed in the FTIR spectrum of PFDCHQ. In addition, the 

most significant absorptions are observed at 1737 cm-1 and 1092 cm-1, 1181 cm-1, 
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1274 cm-1 corresponding to the C=O and C-O-C respectively [12], indicating the 

existence of ester group. In the 1H NMR spectrum of PFDCHQ (see Fig.1 (b)), the 

peaks ranging from 8.09 to 7.10 ppm are ascribed to the protons on the benzene ring. 

The peaks from 5.50 to 4.01 ppm belong to the protons on the Cp ring. Furthermore, 

PFDCHQ exhibits a single peak at 33.9 ppm in 31P NMR spectrum (Fig. 1(c)). All the 

results of FTIR, 1H NMR and 31P NMR state that PFDCHQ is obtained successfully. 

The GPC and DSC curves of PFDCHQ are showed in Fig. S3. The weight 

average molecular weight (Mw) of PFDCHQ is 10030 g/mol and a number molecular 

weight (Mn) is 6082 g/mol, accompanied by the polydispersity Mw/Mn of 1.649. The 

glass transition temperature (Tg) value of 92.4 oC suggests a relatively high 

temperature resistance of PFDCHQ. 

3.2. Thermal and pyrolysis behavior of PFDCHQ 

The TGA/DTG curves of PFDCHQ in both nitrogen and air are shown in Fig. 2. 

Based on Fig. 2(a), there are two thermal degradation stages. The first one ranges 

from 230.6 to 326.6 oC, and a weight loss of 5 wt% occurs due to the thermal 

cleavage of ester bond and the early thermal decomposition of some PFDCHQ with 

low-molecular weight, generating DOPO and ferrocene-based segments. The main 

degradation stage takes place from 342.4 to 597.5 oC, accompanied by the 

temperature of maximum mass loss rate (Tmax) around 481.2 oC and a weight loss of 

35 wt%. At this stage, the DOPO-based segments are mainly decomposed into 

dibenzofuran, PO and PO2 radicals in nitrogen environment due to the lack of oxygen. 

According to the TG-FTIR data (Fig. 3), partial ferrocene-containing segments begin 
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to decompose above 390 oC. As for the thermal degradation of PFDCHQ in air (Fig. 2 

(b)), the more complex thermal-oxide degradation process can be seen. The initial 

decomposition temperature (T-5%) of PFDCHQ is advanced to 269.1 oC due to the 

existence of oxygen. The first main decomposition stage from 218.9 oC to 523.4 oC 

with a weight loss of 38.5%, including series of thermal degradation stages from DTG 

curve, can be assigned to the decomposition of low-molecule weight PFDCHQ, 

cleavage of ester bonds, and the further degradation of ferrocene or 

phosphorus-containing structures, generating an unstable carbonaceous layer. The 

second main thermal degradation stage from 523.4-622.5 oC originates from the 

further thermal-oxide decomposition of the unstable carbonaceous layer. Moreover, 

the char residues of PFDCHQ in nitrogen and air atmosphere are 60.3 wt% and 20.1 

wt% at 700 oC, respectively, indicating that PFDCHQ has better thermal stability 

during high-temperature stage in nitrogen atmosphere.  

TG-FTIR was usually used to analyze the gaseous products during the thermal 

degradation. The FTIR spectra of pyrolysis products of PFDCHQ at different 

temperatures are shown in Fig. 3. The relevant characteristic absorbing peaks appear 

at 3738 cm-1 (H2O), 3015 cm-1 (Cp ring), 2360 cm-1 (CO2) and 1508 cm-1 (aromatic 

compounds and Cp ring) [40, 41]. Before 250 oC, there is no obvious peak of CO2 

indicating that PFDCHQ has a good thermal stability. With the temperature increasing 

to 390 oC, the new absorbing peak at 3015 cm-1 (Cp ring) comes into sight [21], which 

is attributed to the decomposition of ferrocene-containing compounds at high 

temperature. New peaks of 1262 cm-1 and 1180 cm-1 at 400 oC can be attributed to 
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P=O and C-O-C generated from DOPO-containing segments [42, 43]. When the 

temperature rises to 500 oC, the absorption intensity of P=O, C-O-C and aromatic 

compounds are weakened, and it can be inferred that the rest of P element and 

aromatic compounds remain in the condensed phase and take part in the formation of 

char residue [44].  

To further identify the thermal degradation mechanism of PFDCHQ, Py-GC/MS 

test was performed. The total ion chromatogram and analysis data are shown in Fig. 4 

and Table S1. The predominant decomposition volatiles of PFDCHQ are ethanol, 

phenol, 2-methyphenol, biphenylene, dibenzofuran, o-hydroxybiphenyl and fluorine, 

corresponding to the peaks 1, 2, 3, 6, 7, 8 and 9, respectively.  Impressively, some 

aromatic compounds are produced, such as naphthalene (peak 4), fluorine (peak 9) 

and phenanthrene (peak 10). 

The pyrolysis mechanism of PFDCHQ can be further elucidated based on the 

cracking product in Py-GC/MS and shown in Scheme 3. With the increasing 

temperature, the O=C-O bond is firstly dissociated; decomposing into two parts of 

ferrocene-based group and DOPO-containing species. Subsequently, the groups on the 

two sides of ferrocene derivatives begin to cleave, producing CO2 and ferrocene. 

Besides, the derivatives containing DOPO groups begin to decompose to produce 

6-methyl-6H-dibenzo[c,e][1,2]oxaphosphinine 6-oxide (peak 11 in Fig. 4). It is 

possible to speculate that 6-methyl-6H-dibenzo[c,e][1,2]oxaphosphinine 6-oxide 

could release DOPO free radical, then proceed to generate PO2 and PO radicals, 

accompanied by biphenylene and dibenzofurans, respectively [45, 46], since the 
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biphenylene (peak 6) and dibenzofuran (peak 7) were detected in the chromatogram 

of PFDCHQ (Fig. 4). The PO2 and PO radicals can contribute to flame inhibition by 

trapping active H and HO free radicals and stopping the chain reaction [47]. The 

analysis result of Py-GC/MS is consistent with the TG-FITR and TG data of 

PFDCHQ under nitrogen condition.  

3.3. Thermal properties of EP/PFDCHQ composites 

Thermogravimetric analysis is the most common method for evaluation of the 

thermal decomposition property of polymeric materials. Fig. 5 illustrates the TG and 

DTG curves of EP-0, EP-5 and EP-6 in nitrogen atmosphere. The onset degradation 

temperature (Td) of samples is evaluated by the temperature at 5 wt% weight loss 

(T-5%) and the char residues at 700 oC are obtained from the TG curves; the 

temperature at maximum weight loss rate (Tmax) of samples is obtained from the DTG 

curves. Some important data are listed in Table 2. The DTG curves of EP-0, EP-5 and 

EP-6 present one decomposition step with maximum mass loss rate at 368.2, 351.5 

and 357.1 oC respectively. The T-5% of EP-5 and EP-6 are lower than EP-0, which may 

be attributed to the fact that the introduction of ferrocene group can promote the 

advanced thermal degradation of epoxy resin [35], which would provide more carbon 

source to form protective char layer. Combining the self-high-charring properties of 

PFDCHQ, the resulting char residue of EP-5 (25.1 wt%) and EP-6 (22.1 wt%) are 

both higher than EP-0 (16.8 wt%) at 700 °C.  

Another important parameter for evaluating the thermal stability of epoxy resin 

is glass transition temperature (Tg). Thus DSC results of EP/PFDCHQ composites are 
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shown in Fig. 6. The Tg value of EP-0 is 122 oC and the Tg value of EP-5 increases to 

131 oC with 5 wt% PFDCHQ loading. This may be attributed to the rigid structure 

(ferrocene unit and benzene ring ) of PFDCHQ, which can limit the movement of 

epoxy resin molecular chain [48]. As the content of PFDCHQ reaches to 6 wt%, the 

Tg value of EP-6 decrease slightly due to the aggregation of excessive PFDCHQ. 

3.4. Fire behavior and flame-retardancy 

The limiting oxygen index (LOI) and UL-94 test are widely used to evaluate the 

flammability of materials. The LOI values and the experiment results of UL-94 are 

shown in Table 3. The EP-0 burns quickly after ignition in both LOI and UL-94 tests. 

When adding 5 wt% PFDCHQ, the LOI value of EP-5 can reach 32.0% and easily 

pass the V-0 rating. The real-time digital photos of some samples (EP-0, EP-3, EP-5 

and EP-6) during UL-94 tests are shown in Fig. 7. After evacuating the source of fire, 

EP-0 continues to burn without a sign of extinguish, while EP-5 was extinguished 

naturally in 10 s, indicating that the incorporation of PFDCHQ do improve the fire 

retardancy for EP, which is attributing to the three reasons:  1) The PO and PO2 

radicals generated from DOPO structure inhibit flame by trapping H and HO 

fragments; 2) The addition of PFDCHQ promote the initial catalytic charring action 

on the surface of EP-5 [49]; 3) it is notable that an obvious blowing-out effect can be 

observed for EP-5, which is very important to wipe the flame away rapidly in UL-94 

testing [50-52]. However, the LOI values and UL-94 ratings of EP-6 and EP-7 

decrease probably due to two reasons: 1) the aggregation of excessive PFDCHQ; 2) 

the more ferrocene groups should result in a faster degradation rate than the charring 
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rate of EP composite during combustion. These results suggest that an appropriate 

loading amount of PFDCHQ is a key factor for the formation of suitable strong char 

layer to satisfy the demanded inner volatile gas pressure to blowing-out effect. 

Cone calorimeter (CC) test is widely used to detect the combustion characteristic of 

the polymeric materials [53]. Fig. 8 showed the heat release rate (HRR), total heat 

release (THR), smoke production release (SPR) and mass curves of EP-0, EP-5 and 

EP-6. Other various important data obtained from measurements in cone calorimeter, 

such as the time-to-ignition (TTI), peak heat release rate (pHRR), time-to-pHRR 

(t-pHRR), average effective heat of combustion (AEHC), fire growth rate (FIGRA), 

average specific extinction area (ASEA) and the char residue yield, are summarized in 

Table 4. The pHRR is one of the most important fire behavior parameters for fire 

retarding materials. In Fig. 8 (a, b), the pHRR of EP-5 and EP-6 reduced to 939.3 

kW/m2, 872.3 kW/m2, meanwhile the THR decreased to 89.2 MJ/m2 and 83.5 MJ/m2 

respectively when compared to EP-0. The reason is probably attributed to PO and PO2 

free radicals, produced by DOPO structure in PFDCHQ during combustion, which 

can interrupt the chain reaction by capturing H and HO fragments [44, 54, 55]. 

Unfortunately, the results of cone calorimetry test show lower fire retardancy 

efficiency compared to LOI and UL-94 data. What’s more, the FIGRA of EP-5 8.2 

kW/m2s is higher than that of EP-0 (6.9 kW/m2s). This may be due to the fact that the 

catalytic degradation effect of ferrocene is slightly stronger than the free radical 

quenching under continuously forced heating during cone calorimetry test. Fig. 8(c) 

shows the mass curves of EP-0, EP-5 and EP-6 composites. The higher char residue 
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was obtained for EP-5, illustrating that the char layer is produced by EP-5 during 

burning. Furthermore, it is worth noting from the mass curves that EP-5 and EP-6 

begin to decompose earlier than EP-0 due to the catalytic degradation effect of 

PFDCHQ. The smoke production release (SPR) of EP-0, EP-5 and EP-6 are shown in 

Fig. 8(d). It is found that the SPR of EP-5 decreases a lot compared to EP-0, 

suggesting that PFDCHQ could inhibit the production of smoke for epoxy resin to a 

certain extent. 

The CO2 and CO product rate curves of EP-0, EP-5 and EP-6 are shown in Fig. 9. 

From Fig. 9, it can be seen that the CO2 release rate of EP-5 and EP-6 are much lower 

than EP-0, while their CO production rate are higher than EP-0. The result indicates 

that the EP/PFDCHQ composites cannot be fully burned due to the existence of PO 

and PO2 radicals released by PFDCHQ, which play a distinct fire retardant role in gas 

phase.   

From Table 4, it can be found that the EP-5 and EP-6 show a slight reduction in 

TTI and t-pHRR, which may be assigned to the catalysis degradation effect of 

ferrocene group in PFDCHQ. With respect to the AEHC, when adding 5 wt%, the 

AEHC shows a slight decrease from 24.71 (EP-0) to 22.63 MJ/kg. The ASEA is used 

to measure the ability of the material to produce smoke. The ASEA value of EP-5 is 

588.67 m²/kg, which is lower than that of EP-0 ( 695.87 m²/kg) indicating that 

PFDCHQ not only can improve the flame retardancy, but also can suppress the 

smoke-production of EP.  

3.5. Flame retardant mechanism in both condensed and gas phases 
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The flame retardant mechanism of EP/PFDCHQ composites was analyzed by the 

condensed and gas-phase analysis. FTIR spectra of pyrolysis products of EP-0 and 

EP-5 composites at different temperatures were recorded during TG-FTIR test and are 

shown in Fig. 10. The main thermal decomposition products of EP-0 can be clearly 

seen, such as H2O (3600-4000 cm-1), CO 2 (2307-2380 cm-1), aromatic compounds 

(3010-3030, 1512, 825, 742 cm-1) and hydrocarbons (2800-3100 cm-1 and 1100-1250 

cm-1) [56-58]. For EP-5, The new absorption bands at 1262 cm-1 and 1180 cm-1 

belong to the P=O and C-O-C structures, respectively. In addition, there are no 

significant peaks of hydrocarbon for EP-5, indicating lower the smoke-production 

during combustion. It is also worth noting that the peaks of aromatic compounds (825 

cm-1 and 742 cm-1) for EP-5 (Fig.10(b2)) disappeared, but the peak around 1512 cm-1 

remains stronger than that of EP-0, which can be attributed to the aromatic 

compounds originated from PFDCHQ. This result is consistent with the TG-FTIR 

(Fig.3) of PFDCHQ.   

In order to further understand the change of the pyrolysis products, total and 

some specific products of EP-0 and EP-5 are revealed in Fig. 11. It can be seen that 

the total pyrolysis products for EP-5 are lower than EP-0 (Fig. 11(a)) indicated that 

PFDCHQ can prevent epoxy resin from further combustion. Furthermore, Fig. 11(b, c, 

and d) display the absorbance intensity of CO2, hydrocarbons, and aromatic 

compounds. Hydrocarbons and aromatic compounds belong to flammable gases and 

tend to aggregate into smoke particles, which increase the probability of fire accident 

[59]. Fortunately, the absorbance intensity of hydrocarbons and aromatic compounds 
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from EP-5 are much lower than EP-0, implying that more of them had remained in 

condensed phase to form the compact protective char layer [60]. Moreover, the 

production of CO2 from EP-5 is higher than EP-0 and it helps to dilute flammable 

gases, thereby preventing further combustion of the matrix materials.  

Raman spectroscopy, a powerful tool for the characterization of carbonaceous 

materials, has been applied to analyze the char residues of EP composites. Fig. 12 

shows the Raman spectra of EP-0 and EP-5. The degree of graphic structure is 

evaluated by the ratio of ID/IG, where ID and IG are the integrated intensities of D 

(~1360 cm-1) and G (~1590 cm-1) bands [61], respectively. Generally speaking, the 

lower ration of ID/IG means the higher graphitization degree of char [62]. And the 

higher graphitized char can effectively retard the flame and protect the inner polymer 

matrix from further burning. The values of ID/IG follow the sequence of EP-0 (1.589)

﹥EP-5 (1.137), illustrating that the addition of PFDCHQ can contribute to form a 

stable graphic structure char layer. 

To further clarify the structure of the fire-resistant barrier on the surface, the char 

residues of EP-0 and EP-5 after UL-94 tests were analyzed after UL-94 texts using 

FTIR and shown in Fig. 13. It is obvious that the two spectra are different between 

EP-0 and EP-5. The weak peak at around 1360 cm-1 of EP-5 is due to the stretching 

vibration of P=O [63]. Meanwhile, the new absorption peak of EP-5 appearing at 885 

cm-1 is assigned to the stretching vibrations of P-O-P or P-O-Ph bonds [64, 65]. These 

bonds can play a role of cross-linker to link different aromatic species and strengthen 

carbon layers [66, 67]. The new peak at 753 cm-1 should belong to C-H deformation 
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vibrations of aromatic ring.  

The morphology of the char residues after UL-94 tests was investigated by SEM. 

Fig. 14(a, b, c, and d) display the morphologies of char residues from EP-0, EP-3, 

EP-5 and EP-6, respectively. The residue of the EP-0 shows a loose and fluffy 

structure. This type of carbon layer is not conducive to prevent the transmission of 

combustible gases and heat. The introduction of PFDCHQ in EP matrix leads to more 

char residues, especially for EP-5, which effectively protects the internal epoxy resin 

matrix when the fire contacts them. But, an important phenomenon must be 

emphasized: all the char residues of EP composites are not continuous and compact, 

which may be helpful to the abrupt release of volatile gas, generating blowing-out 

effect to kill flame.  

Based on the analysis above, we can attempt to explain the incoherence between 

LOI and UL-94 and CONE tests; namely, why the pHRR value decrease slightly in 

contrast to the excellent LOI and UL-94 performance for EP-5. Firstly, the PO and 

PO2 free radicals will come into play in the early stage after ignition to inhibit the fast 

combustion of EP matrix, which should facilitate the formation of char layer, as can 

be seen in UL-94 test (Fig. 14). Secondly, a suitable compact char layer produced in 

UL-94 test is definitely crucial to match initial blowing-out effect for killing flame 

rapidly (EP-5). Less or rich char layer is not conducive to generate blowing-out effect, 

indicating that a proper loading of PFDCHQ is necessary and critical. However, under 

the continuous irradiation in the CONE test, in spite of existing radical trapping effect 

in gas phase, the ferrocene mainly play an catalyzing degradation role on EP matrix, 
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resulting in no sufficient char layer to prevent further combustion of EP matrix, then a 

high pHRR value appears for EP-5. Actually, more investigations are needed to 

elucidate profoundly the fire retardancy mechanism of EP/PFDCHQ system in the 

future.   

3.6. Mechanical properties  

Mechanical property is the important factor to value the practical usability of 

composites. Impact strength, tensile strength, elongation at break and Young’s 

modulus values of various EP/PFDCHQ composites are shown in Fig. 15 and Table 

S2. With the increasing PFDCHQ amount, the impact strength of EP/PFDCHQ 

composites tends to increase firstly and then decrease, and the Young’s modulus is 

always higher than EP-0. The results could be explained by the introduction of rigid 

groups (ferrocene and benzene ring) into EP matrix. Compared to EP-0, the tensile 

strength and elongation at break of EP/PFDCHQ composites are both decreased a lot 

caused by the formation of internal stress during curing of EP [68]. The internal stress 

could create micro-cracks and voids to reduce the mechanical properties of materials. 

On the other hand, the excessive PFDCHQ is not uniformly distributed in the EP 

matrix, which causes the PFDCHQ acts as stress concentrators and decreases the 

mechanical properties of EP.  

The SEM micrographs of EP-5 and EP-7 composites are shown in Fig.16. The 

fractured surface of EP-5 is smooth, while the cross-sectional morphology of EP-7 

has many textures and is much rougher compared to EP-5, attributing to the 

agglomeration of excess PFDCHQ in epoxy resin matrix, thereby the agminated 
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PFDCHQ may act as the stress concentration point to reduce the mechanical 

properties of EP/PFDCHQ composites.  

4. Conclusion 

In this article, a novel DOPO and ferrocene-based oligomer (PFDCHQ) was first 

successfully synthesized and used as flame retardant in epoxy resin. The TGA results 

show that the PFDCHQ can contribute improved thermal and thermo-oxidative 

stability at high temperature region as well as char yield to epoxy resin matrix. The 

flame retardance and combustion behavior of EP-0 and EP-5 were comprehensively 

investigated. With 5 wt% addition of PFDCHQ, the LOI value of EP-5 is increased to 

32.0% and can pass the V-0 rating. But it is unfortunate that the data of cone 

calorimeter test is not very well. The PFDCHQ can catalyze epoxy resin to form 

highly graphitization aromatic char in condensed phase and improve the char residue; 

PFDCHQ produces PO and PO2 fragments in gaseous phase for inhibiting flame 

development; moreover, an obvious blowing-out effect can be observed in UL-94 test 

for EP-3 and EP-5. This research provides a new idea for the molecular design of 

phosphorus and ferrocene-containing flame retardant system. 
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Table captions 

Table 1. Formulas of EP/PFDCHQ composites 

Table 2. TGA data of PFDCHQ, EP-0, EP-5 and EP-6. 

Table 3. LOI and UL-94 data of EP and its composites. 

Table 4. Detailed CC data of EP-0, EP-5 and EP-6. 

 

Table 1. Formulation of EP/PFDCHQ composites 

 

Samples 

 

EP (g) 

 

m-PDA (g) 

PFDCHQ 

(g) (wt%) 

EP-0 50 5.0 - - 

EP-3 50 5.0 1.55 3.0 

EP-4 50 5.0 2.08 4.0 

EP-5 50 5.0 2.63 5.0 

EP-6 50 5.0 3.19 6.0 

EP-7 50 5.0 3.76 7.0 
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Table 2. TGA data of EP-0, EP-5 and EP-6 

Samples T-5% (°C) Tmax (°C) Char residues 

(700 °C) wt% 

EP-0 319.3 368.2 16.8 

EP-5 296.9 351.5 25.1 

EP-6 283.1 357.1 22.1 
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Table 3. LOI and UL-94 data of EP and its composites 

 

Samples 

 

LOI (%) 

UL-94 

t1 t2 Rating Dripping 

EP-0 24.5 ± 0.3 ﹥40 - NR NO 

EP-3 29.2 ± 0.2 13.6 5.3 V-1 NO 

EP-4 30.6 ± 0.4 13.2 4.6 V-1 NO 

EP-5 32.0 ± 0.3 4.0 3.1 V-0 NO 

EP-6 30.9 ± 0.2 10.5 2.9 V-1 NO 

EP-7 30.3 ± 0.3 11.6 4.2 V-1 NO 

t1 and t2 are the extinguish time after two 10 second ignition; NR is no rating.  
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Table 4. Detailed CC data of EP-0, EP-5 and EP-6 

Samples TTI (s) t-pHRR 

(s) 

pHRR 

(kW/m2) 

THR 

(MJ/m2) 

AEHC 

(MJ/kg) 

ASEA 

(m²/kg) 

Residue 

(wt%) 

EP-0 63± 13 170 ± 9 1146.1 ± 

16.1 

99.4 ± 

0.4 

24.71 ± 

0.19 

695.87 

± 9.37 

10.2 ± 

1.4 

EP-5 61 ± 4 114 ± 4 939.3 ± 

59.9 

89.2 ± 

2.3 

22.63 ± 

0.48 

588.67± 

17.07 

15.8 ± 

1.0 

EP-6 56 ± 9 113 ± 4 872.3 ± 

26.0 

83.5 ± 

4.1 

21.69 ± 

1.23 

623.94 

± 21.16 

14.9 ± 

0.8 
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Scheme captions 

Scheme 1. Synthetic route to PFDCHQ. 

Scheme 2. A schematic representation of the preparation process of EP/PFDCHQ 

composites.  

Scheme. 3. Possible pyrolytic route of PFDCHQ during thermal degradation. 

 

 

Scheme 1. Synthetic route to PFDCHQ 
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Scheme 2. A schematic representation of the preparation process of EP/PFDCHQ 

composites  
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Scheme. 3. Possible pyrolytic route of PFDCHQ during thermal degradation 
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Figure captions 

Fig. 1. (a) FTIR spectra of DOPO-HQ and PFDCHQ, (b) 1H NMR spectrum of 

PFDCHQ. 

Fig. 2. TG and DTG curves of PFDCHQ in nitrogen (a) and air (b) atmosphere. 

Fig. 3. The TG-FTIR spectra of volatilized products at different temperatures during 

thermal decomposition of PDPFDE under N2.  

Fig. 4. Total ion chromatogram of PFDCHQ. 

Fig. 5. TG (a) and DTG (b) curves of EP-0, EP-5 and EP-6 in nitrogen. 

Fig. 6. DSC curves of EP-0, EP-5 and EP-6. 

Fig. 7. The digital photos during vertical burning test of EP-0, EP-3, EP-5 and EP-6. 

Fig. 8. (a) HRR, (b) THR, (c) Mass and (d) SPR curves of EP-0, EP-5 and EP-6 from 

cone calorimeter tests. 

Fig. 9. CO2 (a) and CO (b) release rate curves of EP-0, EP-5 and EP-6 from cone 

calorimeter tests. 

Fig. 10. 3D FTIR and FTIR spectra of the pyrolysis products of EP-0 (a1,a2) and 

EP-5 (b1,b2) at different temperature. 

Fig. 11. Absorbance of pyrolysis products for EP-0 and EP-5 versus temperature: (a) 

gram-schmidt, (b) CO2, (c) hydrocarbons and (d) aromatic compounds. 

Fig. 12. Raman spectra of char residues of EP-0 and EP-5 composites after UL-94 

tests. 

Fig. 13. FTIR spectra of the char residues of EP-0 and EP-5 composites after UL-94 

tests. 
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Fig. 14. Different magnifications of SEM micrographs of EP-0 (a1-a3), EP-3 (b1-b3), 

EP-5 (c1-c3) and EP-6 (d1- d3) after UL-94 tests. 

Fig. 15. The impact strength, tensile strength, elongation at break and Young’s 

modulus of pure EP and EP/PFDCHQ composites.  

Fig. 16. SEM micrographs of the fractured surface of EP-5 (a) and EP-7 (b) 

composites. 

 

 

Fig. 1. (a) FTIR spectra of DOPO-HQ and PFDCHQ, (b) 1H NMR spectrum and (c) 

31P NMR spectrum of PFDCHQ  
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Fig. 2. TG and DTG curves of PFDCHQ in nitrogen (a) and air (b) atmosphere 
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Fig. 3. The TG-FTIR spectra of volatilized products at different temperatures during 

thermal decomposition of PDPFDE under N2  
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Fig. 4. Total ion chromatogram of PFDCHQ 
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Fig. 5. TG (a) and DTG (b) curves of EP-0, EP-5 and EP-6 in nitrogen 
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Fig. 6. DSC curves of EP-0, EP-5 and EP-6 

 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT 

48 

 

 

Fig. 7. The digital photos during vertical burning test of EP-0, EP-3, EP-5 and EP-6 
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Fig. 8. (a) HRR, (b) THR, (c) Mass loss and (d) SPR curves of EP-0, EP-5 and EP-6 

from cone calorimeter tests 
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Fig. 9. CO2 (a) and CO (b) release rate curves of EP-0, EP-5 and EP-6 from cone 

calorimeter tests 
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Fig. 10. 3D FTIR and FTIR spectra of the pyrolysis products of EP-0 (a1,a2) and 

EP-5 (b1,b2) at different temperature 
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Fig. 11. Absorbance of pyrolysis products for EP-0 and EP-5 versus temperature: (a) 

gram-schmidt, (b) CO2, (c) hydrocarbons and (d) aromatic compounds 
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Fig. 12. Raman spectra of char residues of EP-0 and EP-5 composites after UL-94 

tests 
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Fig. 13. FTIR spectra of the char residues of EP-0 and EP-5 composites after UL-94 

tests 
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Fig. 14. Different magnifications of SEM micrographs of EP-0 (a1-a3), EP-3 (b1-b3), 

EP-5 (c1-c3) and EP-6 (d1-d3) after UL-94 tests 
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Fig. 15. The impact strength, tensile strength, elongation at break and Young’s 

modulus of pure EP and EP/PFDCHQ composites 
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Fig. 16. SEM micrographs of the fractured surface of EP-5 (a) and EP-7 (b) 

composites  
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Highlights 

 

1. A novel oligmer (PFDCHQ) based on DOPO and ferrocene groups was synthesized 

successfully. 

2. A possible thermal decomposition mechanism for PFDCHQ is proposed. 

3. When the PFDCHQ content is only 5 wt%, the EP-5 composites easily achieves 

UL-94 V-0 rating with LOI value of 32% and improved Tg. 

4. PFDCHQ shows a significant fire retarding effect both in condensed and gas phase. 

 


