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Modification of epoxy resins with organophosphorus compounds, either as reactive co-reactants or
additive, is the key to achieving non-flammable advanced epoxy materials. Herein, through a

>

straightforward and cost-effective approach, epoxy thermosets were prepared by simply mixing a new
phosphorus flame retardant (13.5 wt% phosphorus) with a bifunctional bisphenol-A based epoxy
polymer, followed by thermal curing in the presence of an aromatic aminic hardener. It was proved that a
very low content of phosphorus led to composites exhibiting remarkable improved flame retardancy. 1
wt% phosphorus was enough to increase the limiting oxygen index value with about 30%. Furthermore,

o

the peak of heat release rate was reduced up to 45%, depending on the content of flame retardant additive
introduced into the epoxy matrix.The UL-94 V-0 materials were achieved when 2 and 3 wt% phosphorus
were added into the epoxy matrix. Thermogravimetric data showed that the incorporation of flame
retardant additive significantly increased the char yield and thermal stability of the gradually forming
phosphorus-rich carbonaceous layer at elevated temperatures.

45 especially, dibenzo-p-dioxin and dibenzofuran, and by the
» Introduction production of high amounts of smoke."> Therefore, fireproofing,
along with recycling and minimum environmental impact, while
maintaining the structural integrity of thermosets, are the major
challenges for expanding the applications of epoxy resins as high
performance materials in various advanced technologies.
The modification of epoxy resins with boron,'® phosphorus,'”
silicon,®” 2! layered double hydroxides,” melamine,”
montmorilonite* etc. has resulted in increased thermal stability
and flame retardancy. Among these, the organophosphorus based
systems play a crucial role in terms of flame retardant efficiency
and low toxicity of the evolved gases during combustion. The
phosphorus flame retardant can act either in the condensed phase
by altering the rate and/or the pathway of the pyrolytic
decomposition mechanism of the fireproof system or, in the gas
¢ phase, by scavenging the carrier species which are required to
feed the flames. However, it is generally accepted that the
phosphorus flame retardants influence the reactions primarily
occurring in the condensed phase.”>' During the combustion or
thermal decomposition, the organophosphorus compound is first
transformed into phosphoric acid. Further exposure to the heat
causes the formation of non-volatile polyphosphoric acid which
reacts with the decomposing polymer by esterification and
dehydration to promote the formation of char residue. According
to the literature, the formative amount of char yield increases
70 with increasing the phosphorus content added into the polymer.**

Epoxy polymers are high performance organic materials which
possess reactive oxirane moieties readily available for
crosslinking ~ either under catalytic homopolymerization
conditions, or in the presence of active hydrogen containing

»s molecules as curing agents, such as polyfunctional amines,'” 19
amides,* 3 acids,’ phenols,7 thiols® etc. Accordingly, infusible
thermosets are obtained. These materials are widely used in
various areas of electronics, transportation and aerospace
industry, as adhesives, composites, paints, protective surface

30 coatings, laminates, encapsulates for semiconductors and
electronic devices, due to the low cost, ease of fabrication and to
their highly attractive physico-chemical and mechanical
characteristics.”!! However, as consequence of their elemental
composition, which consists mainly from carbon and hydrogen

35 atoms, epoxy resins possess high flammability and low thermal
stability at elevated temperatures.'> '*

Several strategies are currently employed to improve the flame
retardant behaviour of epoxy resins. Notwithstanding that the
incorporation of organohalogen containing compounds into

40 epoxy matrices, either as reactive co-reactants or additives, has
proven to be an extremely efficient approach,'* the use of such
systems is restricted by the current legislation. The main concern
is related to the combustion process itself, which is often
accompanied by the release of corrosive or toxic gases,
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3* The char residue acts as a two-way barrier, both shielding the
underlying polymer from the attack of the oxygen and radiant
heat, enlarging the burning time or extinguishing the fire, and
blocking the passage of the combustible gases and molten
polymer towards the combustion zone. Thus, the investigation of
the decomposition mechanism of phosphorus flame retardants, in
order to comprehend the effects of phosphorus concentration on
the pyrolysis and flammability of such materials, is a major
concern for scientific community.

Recently, 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide (DOPO) has received notable attention from scientists and
engineers worldwide due to the multiple structural diversification
by functionalization.*® The active hydrogen of DOPO can be
reacted with a variety of electron-deficient derivatives, leading to
a wide range of compounds with phosphaphenanthrene skeleton.
Different low molecular weight DOPO containing compounds
have been incorporated as additives into epoxy matrices to induce
better flame retardant properties. The additivation has the
advantages of low manufacturing cost and ease with which these
compounds are introduced into polymer matrices. The use of
flame retardant additives in order to improve the flame retardant
properties of epoxy resins may be a compromise or, in the best
case, it may provide the optimal balance of some minimum
requirements in different areas of applicability.

Aromatic polyphosphonates as flame-retardant additives are
superior to the non-polymeric ones because they possess lower
volatility, lower extractability and better compatibility with the
base polymers.*® The general strategy employed to prepare
polyphosphonates is based on polycondensation reaction of
bisphenols with alkyl(aryl)phosphonic dichlorides. This synthetic
procedure includes melt,*” 3® solution,*® phase transfer catalyzed
reaction®” and interfacial polycondensation.*!

In a continuing effort to develop halogen-free flame retardants
for practical applications, our laboratory has successfully
prepared a series of phosphorus containing polyesters and
copolyesters.***” Herein, a new oligophosphonate containing
phosphorus both in the main and side chains has been synthesized
by solution polycondensation of 1,4-phenylene-bis((6-oxido-6H-
dibenz[c,e][1,2]oxaphosphorinyl)carbinol) ~ (diol 1)  with
phenylphosphonic ~ dichloride (2). FTIR and 'H NMR
spectroscopy, solubility and molecular weight measurements
have been performed to confirm the structure of the new
synthesized oligomer. Safe, thermally stable and fire retardant
semi-interpenetrating polymer networks (SIPNs), based on the
synthesized oligophosphonate and a commercial epoxy resin
known as ROPOXID, have been prepared in the presence of 4,4’-
diaminodiphenyl methane (DDM) as aminic hardener. The
performances of the corresponding thermosets in terms of thermal
stability and burning behaviour have been studied by differential
scanning calorimetry (DSC), thermal gravimetric analysis (TGA),
limiting oxygen index (LOI), UL-94 and cone calorimetry
measurements. The char residues have been investigated in detail
by scanning electron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS).
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Experimental
Materials

DOPO was purchased from Chemos GmbH, Germany and
dehydrated before use. Terephthaldicarboxaldehyde, DDM and
phenylphosphonic dichloride (2) were provided by Aldrich and
used as received. Epoxy resin (DGEBA, commercial name —
ROPOXID, with an epoxy equivalent weight (EEW) of 184 — 194
g/equiv) was supplied by POLICOLOR (Romania). All other
reagents were used as received from commercial sources or
purified by standard methods.

Synthesis of 1,4-phenylene-bis((6-oxido-6H-
dibenz|c,e][1,2]oxaphosphorinyl)carbinol) (1)

1,4-Phenylene-bis((6-oxido-6H-

dibenz[c,e][1,2]oxaphosphorinyl)carbinol) (1) was prepared by
nucleophilic addition reaction of the active hydrogen of DOPO
with the carbonyl bond of terephthaldicarboxaldehyde, according
to a published procedure.48 '"H NMR (400 MHz, DMSO-d, 9,
ppm): 8.33 — 8.10 (m, 4H), 8.04 (m, 1H), 7.90 — 7.48 (m, 2H),
7.62 (m, 1H), 7.53 — 7.11 (m, 12H), 6.45 — 6.25 (m, 2H), 5.45 —
5.10 (m, 2H). FTIR (KBr, thin film, cm™): 3245 (O-H), 1474 (P—
Ar), 1203 (P=0), 935 (P-O—Ar). Anal. calcd. for C3,H,404P5: C,
67.85; H,4.27; P, 10.94. Found: C, 67.23; H, 4.32 P, 10.67.

Synthesis of the oligophosphonate PFR

The oligophosphonate PFR was obtained by solution
polycondensation reaction of equimolecular amounts of DOPO-
disubstituted diol 1 with phenylphosphonic dichloride, 2,
(Scheme 1) according to the following procedure: In a 500-mL
three-neck round-bottom glass flask equipped with a temperature
controller, = magnetic  stirrer and reflux  condenser,
phenylphosphonic dichloride, 2, (9.70 g, 50 mmol), diol 1 (28.3
g, 50 mmol) and acetonitrile (200 mL) were mixed at 70 °C for 1
h. Afterwards, the mixture was gradually heated and refluxed
until no HCI emission was observed. The mixture was allowed to
cool to the ambient temperature and poured into water, resulting
in the formation of a stringy solid. The material was broken up
and collected using a Biichner funnel. The whitish amorphous
solid was vacuum dried at 60 °C. Yield: 91%. '"H NMR (400
MHz, DMSO-d;, 6, ppm): 8.46 — 8.11 (m, 4H), 8.11 — 8.00 (m,
2H), 8.00 — 7.79 (m, 4H), 7.79 —7.26 (m, 10H), 7.26 — 7.00 (m,
5H), 5.97 — 5.19 (m, 2H). FTIR (KBr, cm™): 2924 (C-H), 1477
(P-Ar), 1205 (P=0), 1044 (P-O-C), 931 (P-O—Ar). Anal. calcd.
for C4H3;0,P5: C, 66.27; H, 3.92; P, 13.52. Found: C, 65.99; H,
4.01; P, 13.47.

0=p-0 o 0=p-0 @
HO*CH@(‘:H*OH + Cl—P—Cl —~ o—cu@gmo—ﬁ»
0=P-0 0o=P-0 O
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Scheme 1 Synthesis of oligophosphonate PFR.
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Preparation and curing procedure of phosphorus containing
epoxy resins

The PFR-EP/DDM SIPNs containing the oligophosphonate
PFR and ROPOXID — a commercial based DGEBA epoxy resin,
denoted as EP, were prepared by thermal crosslinking in the
presence of DDM as curing agent. Various mass ratios of the
oligophosphonate PFR and EP were mixed under continuous
stirring at 120 °C. After complete dissolution, the appropriate
amount of DDM was incorporated into the mixture keeping a EP
: DDM mixing ratio of approximately 3.78 : 1, g : g (this ratio
corresponds to an epoxy to amine equivalent of 1 D).
Afterwards, the mixture was stirred using the mechanical stirrer,
until a homogeneous solution was obtained. The reaction mixture
was poured into preheated iron molds at 120 °C and then placed
in a vacuum oven at the same temperature for degassing. The
modified epoxy resin was subsequently cured in a convection
oven at 120 °C for 2 h and postcured at 130 °C for 6 h. The
samples were slowly cooled to the room temperature to prevent
cracking. Scheme 2 shows the schematic representation of the
cured networks, as well as the mass ratios between the
components.

oy J°
%zz:@w% . SR

O=P-O0 O
i
PFR N o)
DDM
EP
DDM
PFR
EP/DDM: PFR:EP:DDM=0:3.78:1

PFR-EP 1/DDM: PFR:EP:DDM=0.38:3.78:1
PFR-EP 2/DDM: PFR:EP:DDM=0.83:3.78:1
PFR-EP 3/DDM: PFR:EP:DDM=1.37:3.78:1

Scheme 2 Preparation of neat EP/DDM system and PFR~—
EP/DDM SIPNs.

Methods

Elemental analysis was carried out with a CHNS 2400 II
Perkin Elmer instrument. The phosphorus content was obtained
by molybdenum blue method.*

FTIR spectroscopy was performed on a Bruker Vertex 70 at
frequencies ranging from 4000 to 400 cm™'. Samples were mixed
with KBr and pressed into pellets.
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'H NMR (400 MHz) spectra were obtained at room
temperature on a Bruker Advance DRX spectrometer, using
DMSO-dj as solvent, and calibrated at 2.512 ppm.

The molecular weights and their distribution were determined
by gel permeation chromatography (GPC) with a PL-EMD 950
evaporative mass detector instrument. Two poly(styrene-co-
divinylbenzene) gel columns (PLgel 5 um Mixed-D and PLgel 5
um Mixed-C) were used as stationary phase while N,N-
dimethylformamide (DMF) was the mobile phase. The eluent
flow rate was 1.0 mL min™. Polystyrene standards of known
molecular weight were used for calibration.

The inherent viscosity (77;,,) was determined at 25 °C on 0.5%
(w/v) PFR solution in 1-methyl-2-pyrrolidone (NMP), using an
Ubbelohde viscometer.

The glass transition temperature (7,) of the oligomer and
epoxy thermosets in powder form was determined with a Mettler-
Toledo differential scanning calorimeter DSC 12 E.
Approximately 5 to 8 mg of each sample were encapsulated in
aluminium pans having pierced lids to allow the release of
volatiles, and run in nitrogen with a heat-cool-heat profile from
room temperature up to 250 °C, at a constant heating rate of 10 °C
min™'. Heat flow vs. temperature scans from the second heating
run were plotted and the mid-point of inflexion curves was
assigned as the T, of the corresponding sample.

Thermogravimetric analysis (TGA) was carried out under
constant nitrogen or air flow (20 mL min™") at 10 °Cmin™', using a
Mettler Toledo TGA/SDTA 851° balance. The heating scans were
performed on 3 to 5 mg of sample in the temperature range 25 —
700 °C. Alumina crucible (70 ul) was used as sample holder. To
be assured of the data reproducibility, several thermograms have
been recorded for each sample.

Scanning electron microscopy (SEM) was performed on a
TESLA BS 301 instrument, at 20 kV, with a magnification of 500
—5000x. The samples were sputtercoated with a conductive layer
of gold. The C, N, O and P elements in the residue were verified
by the coupled energy dispersive X-ray spectroscope (EDX).

The limiting oxygen index (LOI) values were obtained with an
oxygen index instrument Qualitest according to the standard
ASTM D2863-09 by measuring the minimum oxygen
concentration required to support the candle-like combustion of
samples. The test specimens (90 x 6.5 x 3 mm’) were burned in a
precisely controlled atmosphere of nitrogen and oxygen.

Vertical burning test (UL-94) was performed on test specimens
(130 x 13 x 3 mm®) suspended vertically above a cotton patch,
used to identify burning droplets. The classifications are defined
according to the American National Standard UL 94-2006.

Cone calorimeter measurements were performed on a Fire
Testing Technology apparatus equipped with a truncated cone-
shaped radiator, at an incident radiant flux of 35 kW m>,
according to the ISO5660 protocol. The test specimens (100 X
100 x 4 mm®) were placed into the microbalance support which
enables the quantification of mass loss evolution during the
experiment.

X-ray photoelectron spectroscopy (XPS) was used to
determine the chemical composition of the carbonized product
which resulted after the thermogravimetric experiments. The XPS
spectra were recorded on a KRATOS Axis Nova (Kratos
Analytical, Manchester, United Kingdom), using AlKa excitation

This journal is © The Royal Society of Chemistry [year]
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radiation with an emission current of 20 mA and a voltage of 15
kV. The base pressure in the sample chamber was maintained
between 10® — 10 Torr. The incident monochromated X-ray
beam was focused on a 0.7 x 0.3 mm? area of the surface. Scans
were collected over the binding energy -10 — 1200 eV range,
using a pass energy of 160 eV with a resolution of 1 eV. The high
resolution spectra for all the elements identified from the survey
spectra were collected using a pass energy of 40 eV and a step
size of 0.1 eV. Data were analyzed using the Vision Processing
software (Vision2 software, Version 2.2.10). The binding energy
of the C1s peak was calibrated by assuming the binding energy of
carbonaceous carbon atom to be 285 eV.

Results and discussion

Synthesis, chemical structure confirmation and general
characterization of the oligophosphonate PFR

The oligophosphonate PFR contains DOPO units linked to the
polymer backbone (Scheme 1). Polycondensation reaction of
equimolar amounts of DOPO disubstituted diol 1 with
phenylphosphonic dichloride, 2, in acetonitrile, yielded PFR. The
as-synthesized oligomer was isolated by precipitation in water,
followed by washing and drying.

The chemical structure of the resulting oligomer was
confirmed by elemental analysis, FTIR and 'H NMR
spectroscopy. The elemental analysis of PFR revealed a slightly
lower content in carbon compared to the value theoretically
determined as a result of moisture absorption. The
oligophosphonate PFR showed a strong sharp absorption band at
1477 cm™” due to the aromatic P-C stretching vibrations. The
bands appearing at 1205 and 931 cm™ were associated with the
aromatic P-O-C stretching vibrations. Aliphatic P-O-C link
displayed a strong absorption band at 1044 cm™ due to the
asymmetric stretching vibrations. Aromatic P=0 stretching bands
were found at 1203 cm™. Important signals were observed at 755
cm”! due to the deformation vibrations caused by the 1,2-
disubstituted aromatic DOPO rings and at 836 cm™ (deformation
vibrations of p-phenylene rings).® Aromatic C=C stretching
bands were found at 1608 and 1508 cm™. In '"H NMR spectrum
of PFR, the absence of the multiplet at 6.45 — 6.25 ppm,
corresponding to the hydroxil protons, proved the successful
synthesis of the proposed structure.

The oligomer PFR was highly soluble in polar aprotic solvents
such as DMF, N,N-dimethylacetamide or NMP, as well as in
chlorinated  hydrocarbon solvents like chloroform or
dichloromethane. This good solubility can mainly be explained
by the presence of bulky pendant DOPO moieties of the diol
monomer which increased the free volume and thus facilitated the
diffusion of small molecules of solvent among the
macromolecules.

GPC was used to obtain the molecular weights and their
distribution. The oligophosphonate PFR displayed a weight
average molecular weight (M,) of 4562 g/mol and a number
average molecular weight (M,) of 4392 g/mol. The polydispersity
M, /M, was 1.039. These relative low values of molecular weights
can be explained by the incorporation of polar side-chain DOPO
rings which led to the enhancement in rigidity and polarity of the
macromolecules and, consequently, to the decrease of the
reactivity at the functional end groups and to the hinder

S

P

S

propagation of the polycondensation process.”’ The GPC curve
showed narrow molecular weight distribution. It is noteworthy
that GPC measurements give rather rough molecular weights than
unambiguous values due to the differences in polarity and
backbone stiffness between the polystyrene standard and the
studied oligomer.

The inherent viscosity of PFR was 0.07 dl g, value which
describes very low molecular weight polymer.

The oligomer PFR exhibited moderate glass transition
temperature (7,), around 110 °C and a tiny melting endotherm
centered at 212 °C, on the considered temperature range,
revealing the semi-crystalline behaviour.

TGA performed in nitrogen with 10 °C min™ showed a single-
step weight loss for the oligophosphonate PFR. The
thermogravimetric (TG) and derivative thermogravimetric (DTG)
curves are given in Figure 1 (supplementary information). The
onset temperature of decomposition (7,,.) was around 390 °C. In
the temperature range 390 — 495 °C, the TG curve was
characterized by a sudden weight drop due to the vigorous gas
evolution of the underlying sample,with the
decomposition temperature around 475 °C. At temperature above
495 °C, a relative thermal stable residue was obtained. In air,
PFR exhibited two main oxidative decomposition steps in the
temperature range of 354 — 592 °C. The first peak mass loss
occurred at around 390 °C, resulting in a mass loss of about 34%.
The second peak mass loss occurred at about 574 °C, with
additional materials consumed (~35%) during the oxidation of
char. At temperatures above 600 °C, the mass loss was slightly
increased due to the advanced oxidation of char residue. The TG
data are listed in Table 1.

The large interval between decomposition and glass transition
temperature can be useful for processing this oligomer by
thermoforming techniques.

maximum

Preparation of the phosphorus containing SIPNs

Due to the low molecular weight and moderate glass transition
temperature, PFR displayed low melt viscosity such that it could
be processed without adding any solubilizer. Consequently, the
epoxy SIPNs were prepared by simply mixing the appropriate
amount of phosphorus containing additive (PFR)into the epoxy
matrix (EP) at 120 °C, followed by the addition of DDM and
thermal treatment at 120 °C for 2 h and at 130 °C for 6 h.

FTIR spectroscopy was used to assess the characteristic
chemical groups of PFR and EP, and to verify the formation of
diaminodiphenylmethane crosslinks (see Fig. 2 supplementary
information). The epoxide ring opening reaction was confirmed
by the absence of the characteristic absorption bands of oxirane: a
sharp low-to-medium intensity band at 3056 cm™ attributed to the
C—H tension of the methylene group of the epoxy ring (stretching
vibrations), a strong band at 915 cm™ due to the asymmetric
epoxide ring deformation and a strong band centered around 863
em’! associated to the symmetric epoxide ring deformation.”>*
These bands dissapeared in the FTIR spectra of the cured
samples. Moreover, the peaks at 1172 and at 1225 cm’
characteristic to the secondary and tertiary amines revealed the
formation of C—N bonds as a result of the epoxide ring opening
reaction with the aromatic diamine.*® The presence of secondary
amine could also suggest that the hardener was not completely

s consumed in the crosslinking reaction, presumably due to the
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reduced mobility of the aromatic diamine molecules and
polymeric chains, as result of crosslinking and PFR presence
which, from this point of view, acted as blocking agent. This
assumption is sustained by the increase in intensity of the signal
at 1172 cm™ with increasing the PFR content. In the IR spectrum
of the pristine EP, the broad band at 3504 cm™' was assigned to
O-H stretching of hydroxyl groups, revealing the presence of
dimers or high molecular weight species.®> The characteristic
absorption bands of neat EP/DDM systemwerefound at 3400 cm’
' (O-H stretching vibrations of unassociated bond in water or
phenol and N—H stretching vibrations of secondary amine), 2963
and 2927 cm™ (aliphatic C—H asymmetric stretching vibrations),
2870 cm’ (aliphatic C—H symmetric stretching vibrations), 1610
and 1510 cm™ (aromatic C=C stretching vibrations), 1362 cm’
(C-H deformation vibrations of isopropylidene unit), 1246 and
1035 cm” (aromatic ether C—-O—-C asymmetric and symmetric
stretching vibrations respectively). PFR-EP/DDM SIPNs
showed important signals at 3409 cm™(O-H and N-H stretching
vibrations), 2968 and 2879 cm’ (aliphatic C—-H stretching
vibrations), 1605 and 1515 cm™ (aromatic C=C stretching
vibrations), 1474 cm™'(aromatic P—C stretching vibrations), 1363
cm(aliphatic C—H deformation vibrations), 1203 cm™ (aromatic
P=0 stretching vibrations), 1045 cm™ (aliphatic P—-O-C
stretching vibrations), 930 c¢cm™ (aromatic P-O-C stretching
vibrations), 755 cm™' cm™ (deformation vibrations caused by the
1,2-disubstituted aromatic DOPO rings) and 716 cm’
(deformation vibrations of the aromatic rings). All these bands
confirmed the successful incorporation of PFR into the epoxy
matrix and the formation of PFR-EP/DDM SIPNs.

Compatibility and thermal enhancement of

phosphorus containing SIPNs

stability

SEM was used to observe the morphology of the fractured
samples at low deformation rate. The representative SEM
micrographs of the corresponding fracture surfaces of neat
EP/DDM system and PFR-EP/DDM SIPNs (Fig. 1) highlighted
the uniform dispersion of the flame retardant additive into the
epoxy matrix. The fracture surface of neat EP/DDM sample was
smooth with low ridges and shallow grooves along the axis of
crack growth, specific to the brittle materials. Some small
particles were distinguished on the cross section surfaces of
PFR-EP 1/DDM and PFR-EP 2/DDM SIPNs, but these
particles were likely resin shards produced during sample
fracturing or dust particles. For PFR-EP 3/DDM sample, SEM
micrograph revealed the existence of microfractures occurring
during thermal treatment and initiated by PFR agglomerates
which acted as stress concentration centers.” The fracture surface
was rather discontinuous and convoluted, characterized by a
feathery texture with large breadth.

EP/DDM PFR - EP 1/DDM

.

40 ym

40 ym
PFR - EP 2/DDM

PFR - EP 3/DDM

so Fig. 1 Representative SEM micrographs of the cross section of
neat EP/DDM system and PFR-EP/DDM SIPNs (SE mode, 20
kV).

The T,s values of neat EP/DDM system and PFR-EP/DDM
ss SIPNs were determined by DSC in nitrogen atmosphere at 10 °C
min™. The addition of PFR into the epoxy matrix resulted in a
homogenuous mixture, with a single glass transition for all PFR-
EP/DDM SIPNs. The nanodispersion of PFR in EP is presumed
to be the cause for unique 7y, hypothesis sustained by SEM
s observations. Nevertheless, the miscibility of PFR-EP blend,
primarily arisen from their polarities, was the key factor to
achivieng a good compatibility between the components.
The T,s values of the cured epoxy resins decreased with
increasing the PFR content introduced into the epoxy matrix, as
es it can be observed in Fig. 2. Although the existence of a hindering
effect of bulky aromatic DOPO units linked to the oligomer
backbone on polymer chain motion is not neglected, the almost
linear decrease of 7, values with increasing the PFR proportion
added (Fig. 2 — inset graph), along with the variation of 7, values
70 with the system composition, entitled us to presume that the
plasticization effect is the predominant one.>® To conclude, PFR
acted like a plasticiser by reducing the crosslinking density and
thereby it increased the mobility of molecular chains. In small
amount, the addition of the oligomer PFR into the epoxy matrix
75 led to a slightly decrease of T,. Accordingly, the T, value of
PFR-EP 1/DDM SIPN was just 2 °C lower than the glass
transition corresponding to neat EP/DDM system. No exothermic
peaks were observed on the DSC curves, suggesting that no
further crosslinking reactions have occurred.
80

This journal is © The Royal Society of Chemistry [year]
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Fig.2 DSC curves of neat EP/DDM system and PFR—
EP/DDM SIPNs.

15

To investigate the effect of phosphorus content on the thermal
s stability and decomposition mechanism, it was used TGA carried
out under inert atmosphere, as well as in air, with the constant
heating rate of 10 °C min™'. The main TG data as determined
from the TG and DTG curves are given in Table 1. The moisture
absorption was neglected.
10

Table 1 TG parameters of PFR, neat EP/DDM system and PFR-EP/DDM SIPNs as determined from TG and DTG curves recorded in

nitrogen and air atmosphere.

Page 6 of 13

Nitrogen Air
Sample | Toear? ; Thooec’ - s Thooec’
Tonset ? Tendset aOC (AW4, %) 0 Tonset ’ Tendset sOC (AW4= %) 0
(%) (%)
475 390 574
PFR 390—495 (49.33) 43.02 354446 (34.27); 536—592 (34.52) 23.26
379 292 527
EP/DDM 350—457 (79.41) 14.7 275310 (17.32); 443—582 (79.13) 3.55
371 285 527
PFR-EP 1/DDM 311535 (72.51) 26.65 260—310 (19.04); 433568 (73.95) 5.02
377 288 527
PFR-EP 2/DDM 297435 (71.12) 28.89 270—321 (21.18); 4235575 (72.99) 5.61
350 284 532
PFR-EP 3/DDM 304557 (71.04) 2574 261319 (22.60); 451569 (68.61) 8.97

! onset temperature of polymer decomposition; * thermal decomposition peak; * thermal decomposition endset temperature; * mass loss

corresponding to each decomposition stage; > char yield measured at 700 °C.

20
In nitrogen atmosphere, all the samples had a single-step
weight loss behaviour, characterized by the emission of high
amounts of volatile species (AW>68%) with the maximum
decomposition temperature above 350 °C. The DTG peak
25 corresponding to the neat cured EP/DDM system was slightly
shifted to higher temperature when compared to PFR-EP/DDM
SIPNs, according to the lower thermal stability of the flame
retardant additive. However, at elevated temperature, the
oligophosphonate PFR introduced into the epoxy matrix led to a
30 higher thermal stability of the gradually forming phosphorus-rich
carbonaceous layer, as reported in the literature.”” Therefore, the
value of the char yield measured at 700 °C increased about two
times in the case of the phosphorus containing samples. Such
significant quantity of char could well block the volatilization of
35 the decomposition products, according to the solid phase
mechanism of phosphorus flame retardants. Fig. 3
(supplementary information) shows comparatively the TG curves
for neat EP/DDM system and PFR-EP/DDM SIPNs.
TGA measurements performed in air brought relevant
40 information regarding the burning behaviour of neat cured
EP/DDM system and PFR-EP/DDM SIPNs. The presence of
oxygen complicated the decomposition mechanism of the cured
epoxy resins. Moreover, one additional weight loss was clearly
observed at temperatures above 423 °C for neat EP/DDM system,
45 as well as for PFR-EP/DDM SIPNs. Therefore, the char yields

at 700 °C were significantly lower as compared with those
obtained in inert atmosphere.

Independently of the atmosphere in which the measurements
were performed, the onset temperature and thermal
decomposition peak of PFR-EP/DDM SIPNs were lower than
the ones corresponding to neat EP/DDM system, reflecting the
high susceptibility to degradation of the P-C bond in the polymer
backbone.*®

To estimate qualitatively the compatibility between the
ss components of the polymer blends, the DTG traces were

decomposed in separated curves by using Gaussian profile. It is

well known that, if the DTG curves of the blend are simple
superpositions of the pure components, the mixture will exhibit
low miscibility” and, consequently, materials with poor
¢ mechanical performances will be obtained. Overlapping of

individual profiles such as that of DTG maxima could result in a

representation with shoulders, which could be decomposed in

separate peak maxima. In Fig. 3, the original DTG curves of neat

EP/DDM system and PFR-EP/DDM SIPNs were decomposed
6s in separated curves by using Gaussian profile. The fitted curve,

which was the sum of the separated curves, was consistent with

the original DTG trace (with correlation coefficient > 99.98%).

The areas of the decomposed peaks (Table 1, supplementary

information) were in good agreement with the weight loss (%)
70 values at different stages during thermal degradation. Although

5

=]

6|J. Mat. Chem., [2014], [vol], 00—00
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the numbers of decomposition stages of PFR-EP/DDM SIPNs process in the temperature range 555 — 655 °C observed in the
decreased, suggesting the simplification in complexity of the case of neat EP/DDM sample was ascribed to the char residue
degradation mechanism, it could be clearly seen that PFR altered oxidation, less stable than the phosphorus-rich carbonaceous
the pathway of the pyrolytic decomposition mechanism of the layer obtained for PFR-EP/DDM SIPNs.

s phosphorus containing samples. The additional degradation 1o

EP/DDM PFR - EP 1/DDM
100+ 16 0.6 100+ +-0.6
904 original curv } 1 % B - original curve t
80 process 1 DTG— 05 80 progcess 1 DTG L.05
70l process 2 —
4 ey 704 process 2 —_
= process 3 040 process 3 r-04 O
S 60 process 4 S = 60 process 4 3
< 50 process 5 L.0.3 s = 50— fitted curve -0.3 s
'g, fitted curve = ‘S, =
‘s 40 o8 3 @ 401 2
i +-0.2
H 30 .g = 30 %
20 \ F-0.1 20 F-0.1
104 //_\ 10 Y% W
0 WL AW -—— Y 0 LT Sl
100 200 300 400 500 600 700 100 200 300 400 500 600 700
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= s0l fitted curve .03 é £ 50l fitted curve L.0.3 E
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s 407 02F 8 4 3
2 30 “E 3 3] 02k
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10 L\ \\ 10 Ak R
0 — o — 0 — — ———100
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)

Fig. 3 TG and decomposed DTG curves of neat EP/DDM system and PFR-EP/DDM SIPNs in air atmosphere.

charring when heated. Indeed, Wang et all*® obtained a LOI value
equal to 38.2% for the same phosphorus content added to a
15 Flame retardancy properties of the cured epoxy resins were s similar epoxy system, but using an aliphatic spirocyclic

Flame retardancy of phosphorus containing epoxy SIPNs

quantitatively evaluated LOI, UL-94 and cone calorimetry, as phosphorus containing dichloride derivative, which supports the
shown in Table 2. The LOI values increased linearly with previous affirmation. Thus, a concentration of 1 wt% phosphorus
increasing the PFR content and reached 42.20%, when 3 wt% was enough to increase the LOI value with about 30%. The
phosphorus was added into the system. The results indicate that amount of ash produced after LOI tests was consistent with the

20 PFR induced good flame retardant effect to epoxy resin. This 3 TGA results.
behaviour is presumed to arise from the high aromaticity of the
synthesized phosphorus flame retardant and from the tendency of

Table 2 Phosphorus content and flame retardancy of neat EP/DDM system and PFR-EP/DDM SIPNs.

wtP* | wtPFR* LOP TTI® | p-HRR® tyire’ | THR® Neoo"c.
Sample UL-94 ) ,

(%) (%) (%) () (kWm™) (s) (MJm™) (%)
EP/DDM 0 0 2649 | Not classified 78 275.5 132 56.8 8.6
PFR-EP 1/DDM 1 7.36 3435 | V-1 92 231.7 181 64.8 19.13
PFR-EP 2/DDM 2 14.80 40.05 | V-0 80 164.4 197 57.4 24.49
PFR-EP 3/DDM 3 22.28 4220 | V-0 79 150.8 228 46.4 40.33

* theoretically determined; ® limiting oxygen index; ° time to ignition; ° peak of heat release rate; ¢ time to reach the peak of heat release
35 rate; © total heat release at 1200 s; " char yield at 600 °C.

The UL-94 V-0 materials were achieved when 2 and 3 wt% 4 to epoxy resins. The neat EP/DDM system showed no UL-94
phosphorus were added into the epoxy matrix. These outstanding rating, whereas PFR-EP 1/DDM SIPN reached UL 94 V-1
results indicate that PFR imparts excellent flame retardant effect rating of flammability.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 |7
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Cone calorimetry is a powerful tool to evaluate the combustion
behaviour of polymer materials. It provides a comprehensive
insight into the fire risks through a series of parameters such as:
ease of ignition, flame spread, fire endurance, heat release rate,
mass loss rate, ease of extinction, smoke evolution, toxic and
corrosive gases release. Table 2 shows the main combustion
parameters of the neat EP/DDM system and PFR-EP/DDM
SIPNs: time to ignition (TTI), heat release rate (HRR), peak of
heat release rate (p-HRR) total heat release (THR) and char yield
at 600 °C.

As shown in Table 2, PFR-EP 2/DDM and PFR-EP 3/DDM
SIPNs displayed similar TTI values with the control EP/DDM
system. In the case of PFR-EP 1/DDM composition, a
significant increase of TTI value was detected. To ignite this
material, a higher amount of volatiles is required, which implies
rather lower flammability. Based on time to sustained ignition
criteria, PFR-EP 1/DDM sample could be considered the best
candidate for used in various applications. The apparent
contradiction with the LOI value obtained for this composition
could be explained by the release, upon heating, of more inert
gases (like CO,) and less flammable volatiles, which is
advantageous for increasing the TTI value.

Fig. 4 shows the HRR curves of the neat EP/DDM system and
PFR-EP/DDM SIPNs. The EP/DDM sample burnt rapidly after
ignition and HRR reached a maximum p-HRR value at 275.5 kW
m. The HRR curves of PFR-EP 2/DDM and PFR-EP 3/DDM
samples exhibited sharp peaks with small shoulders ahead, at low
time values (Figure 4, detail). The shape of the HRR curves could
be explained by the combustion behaviour of the samples. Under
the radiation of 35 kW m™ heat flux, the surface of the samples
with higher content of phosphorus, melted and then formed a thin
carbonaceous layer which remained intact for a short period of
time, corresponding to the appearance of the shoulder. Shortly
afterwards, the charred surface was destroyed by the vigorous gas
evolution of the underlying sample.

—— PFR - EP 3/DDM
——PFR - EP 2/DDM

——PFR - EP 1/DDM
—— EP/DDM

HRR (kW m?)

100

50 '

600 800 1000

Time (s)

0 200 400 1200
Fig. 4 HRR curves of neat EP/DDM system and PFR-EP/DDM

SIPNs.

The p-HRR values decreased progressively with increasing the
amount of PFR incorporated into the epoxy matrix. In addition,
the p-HRR values of PFR-EP/DDM SIPNs were reduced up to
45% of that of neat EP/DDM system, depending on the content
of the flame retardant additive. This behaviour is typically for the
samples with charring tendency.

50

55

60

65

70

75

80

The #, urr values also increased almost linearly with increasing
the PFR content (Fig. 4, supplementary information). From
practical point of view, this delay implies that there would be
more time for escaping during a real fire accident.

As shown in Table 2, the incorporation of PFR reduced the
heat release capacity and total heat release. The THR value of
PFR-EP 3/DDM SIPN decreased by 28% when the phosphorus
amount introduced into epoxy matrix increased from 1 to 3%.

The increase in char yield with increasing the phosphorus
content suggests that the condensed phase mechanism is
responsible for the improved flame retardant properties. This
hypothesis will be further confirmed by the morphologies and
chemistry of the charred layer.

Advanced investigation of structured fire residues and char
formation

In order to elucidate how the formation of the phosphorus-rich
carbonaceous layer affects the combustion of the cured samples,
the residues left after TGA experiments (up to 600 °C, 10 °C min®
!, air atmosphere) were examined by SEM. Fig. 5 shows the
representative  SEM micrographs of the corresponding char
residues of the neat EP/DDM system and PFR-EP/DDM SIPNs.
The SEM micrograph of the residual char corresponding to the
neat EP/DDM system revealed a porous and incompact surface,
with craters-like holes, formed during the vigorous emission of
volatile. By contrast, the phosphorus containing thermosets
showed coherent and denser chars than the neat one, shielding the
polymer surface from heat and oxygen and, thus, inhibiting the
diffusion of the gaseous products towards fire. Furthermore, at
higher magnification, the char of PFR-EP 1/DDM SIPN (Fig. 5,
inset micrograph) revealed some fragile fragments in a non-
integral residue structure, corresponding to a slight reduction in
p-HRR. PFR-EP 3/DDM SIPN, which contains the higher
amount of phosphorus, produced the most compacted and integral
residue structure (see Fig. 5, inset micrograph), corresponding to

the highest reduction in p-HRR.

EP/DDM PFR - EP 1/DDM

» 100 pm

100 ym
PFR - EP 2/DDM

PFR - EP 3/DDM

Fig. 5 Representative SEM micrographs of the char residues at
600 °C of neat EP/DDM system and PFR-EP/DDM SIPNs (SE
mode, 20 kV).

8|J. Mat. Chem., [2014], [vol], 00-00
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A mapping technique was used to elucidate the atoms
distribution onto the char residue surface. The EDX mapping of
PFR-EP 2/DDM SIPN showed uniform dispersion of
phosphorus atoms and a higher concentration of oxygen in the

s cracks (Fig. 6).

Fig. 6 EDX mapping of the char residue of PFR-EP 2/DDM
SIPN (SE mode, 20 kV, C: carbon, N: nitrogen, O: oxygen, P:
10 phosphorus).

The semi-quantitative EDX analysis of the char residues
confirmed the presence of phosphorus atoms in the char layer.
The O/C, N/C and P/C ratios are shown in Fig. 7. The amount of

15 phosphorus (atomic%) in the char residues increased with
increasing the content of PFR introduced into the epoxy matrix,
while the amount of nitrogen decreased as a result of decreasing
the crosslinking density, the flame retardant additive acting in this
case as a plasticizer. These observations are consistent with FTIR

20 and DSC results. Consequently, the DDM molecules that did not
entirely participate to the crosslink formation, were more easily
removed from the system by volatilization. Chain cleavage firstly
occurred at the allylic C-N bond.®® The concentration of oxygen
atoms increased with increasing the amount of phosphorus in the

25 char residue, in agreement with the mechanism of action for the
phosphorus derivatives proposed in the literature."

PFR-EP 3/DDM

PFR-EP 2/DDM

PFR-EP 1/DDM

EP/DDM

0.00 0.05 0.10 0.15 0.20
Elemental ratio (with respect to C, at%)

Fig.7 Elemental ratio of O, N and P with respect to C.

XPS is one of the most important methods to perform
screening and quantification of a wide range of simple and
complex compounds due to its excellent element selectivity and
high surface sensitivity. More than that, XPS reflects the atomic

35 scale chemical interactions, i.e. the bonds between neighboring
atoms; and thus this method provides reliable structural
characteristics for amorphous surface layers of complex
composition, for which the application of diffraction techniques
is not straightforward.®’ The overall XPS spectra of the char

40 residues corresponding to the neat EP/DDM system and PFR—
EP/DDM SIPNs are given in Fig. 8.

——PFR - EP 3/DDM P,
—PFR-EP2DDM| G

——PFR - EP 1/DDM

—— EP/DDM
3 )
© 1s A .
g N oy
§. 1s \
g T o
(]
= L

M A

600 550 500 450 400 350 300 250 200 150 100
Binding energy (eV)

Fig. 8 Overall XPS spectra of the char residues of neat EP/DDM
45 system and PFR-EP/DDM SIPNs.

The deconvolution of Cys, Oy, N and P,, were subsequently
recorded to determine precisely the type and content of functional
groups. The high resolution Cy, Oy, Nys and P, spectra of PFR—

so EP/DDM SIPNs were found to be comparable in all types of
rigid epoxy polymers with slight differences in relative fraction
(atomic%) of different functional groups. Fig. 9 shows
comparatively the XPS spectra of Cy;, Oy, Ny and P, of the char
residues of neat EP/DDM system and PFR-EP 3/DDM SIPN.

ss Table 2 (supplementary information) summarizes the surface
element concentration as obtained from XPS analysis.

In Fig. 9, the C; peak of the residue of the pristine cured
EP/DDM was splitted into five peaks. The peak at 284.6 eV
reveals the contribution of C=C in aromatic species in the

e material, which implies that a graphite-type structure has been
formed possibly through dehydration during the combustion.®
The binding energy of 285 eV can be attributed to C—C or C-H.
The peak at around 286.6 eV was assigned to the C-OH or C—
N.* The signal of C=0 bond appeared at 288.3 eV.® The signal

os at 289.9 eV was assigned to COOR groups.** The residue of
PFR-EP 3/DDM SIPN showed an additional peak at 290.8 eV
which was assigned to the C—P. In both EP/DDM and PFR-EP
3/DDM samples, the peak areas assigned to C—C/C=C in
aliphatic and aromatic derivative respectively, occupies the

70 overwhelming majority of the C;; peaks, indicating that the
carbon is mainly in non-oxidation state, possibly due the fact that
carbon, once been oxidized, forms highly volatilized species,
such as CO,, CO and carbonyl compounds.

This journal is © The Royal Society of Chemistry [year]
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The XPS spectra of O, exhibited three peaks at around 530.8 2 the signal of P,0s,”° which was formed during the thermal

eV (attributed to the double oxygen bond in carbonyl or degradation of phosphorus containing epoxy resin.
phosphate units),*> ¢ 532.2 eV (assigned to the simple oxygen The addition of PFR strongly influenced the flame retardancy
bond in C-0-C, C-OH, COOR, C-O-P, P-O—P groups)®” *® and and thermal decomposition of the thermostes. The O/C ratio in
55332 eV (PhOCOOPh).” Due to the presence of  the char of PFR-EP 3/DDM SIPN increased with about 17%
organophosphorus compounds in the structure of the residue of 25 compared to EP/DDM system, due to the P atoms which
PFR-EP 3/DDM SIPN, the peak area at of 532.3 eV increased maintain more O atoms, in the form of P(=0)-O into the char.
substantially as compared to the one corresponding to the Consequently, lots of P-C, P-O-C, P-O-Ph, P-O-P bonds
EP/DDM residue. characteristic to pyrophosphate and polyphosphate type-
1o For the Ny spectra, the peaks at around 398.8 eV and 400.5 eV structures were created in the char of PFR-EP 3/DDM SIPN.
can be attributed to C-N and C=N, respectively.”® The neat 3 This means that the incorporation of PFR into epoxy matrix
EP/DDM system displayed a small peak at 402.3 eV, which promoted the formation of char residue and enhanced the flame

could be a result of the formation of quaternary nitrogen and to retardant properties.
formation of some oxidized nitrogen compounds, as reported in All these data confirm the condensed-phase of PFR, by
15 the literature.’ formation, upon decomposition, of polyphosphoric acid which
The residual char of PFR-EP 3/DDM SIPN revealed the 35 further reacted with the decomposing polymer by esterification
presence of phosphorus containing molecules. The P,, peak was and dehydration to promote the formation of a protective
splitted into two peaks. The binding energy of 131.5 eV was phosphorus-rich carbonaceous layer which blocked the mass and
assigned to P-O-C or PO; groups,69 while at 132.4 eV appeared energy transport.
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40 Fig. 9 XPS high resolution scans of EP/DDM system and PFR-EP 3/DDM SIPN.
. henylphosphonic dichloride. Safe, thermally stable and fire
Conclusions PRERYIPIO : Y .
retardant SIPNs were prepared by simply mixing the appropriate
A new oligophosphonate containing phosphorus both in the main amount of flame retardant additive with a commercial epoxy
and side chains was synthesized by solution polycondensation of s resin known as ROPOXID. 4,4’-diaminodiphenyl methane was
45 1,4-phenylene-bis((6-oxido-6H- used as aminic hardener. SEM, DSC and TGA results illustrated
dibenz[c,e][1,2]oxaphosphorinyl)carbinol) with good dispersion of phosphorus flame retardant into the epoxy

10|J. Mat. Chem., [2014], [vol], 00-00 This journal is © The Royal Society of Chemistry [2014]
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matrix. Although the addition of the additive led to the early
degradation of SIPNs as compared to the neat one, both in
oxidative and inert atmosphere, it increased the stability of the
residual chars at elevated temperature. It was also shown that
with a very low content of phosphorus element, the PFR—
EP/DDM SIPNs exhibited significantly improved flame
retardancy. A concentration of 1 wt% was enough to increase the
LOI value with about 30%. In addition, the p-HRR values of the
phosphorus containing epoxy thermosets were reduced up to 45%
of that of the neat system, depending on the content of the flame
retardant additive introduced into the epoxy matrix. These results
suggested that the main flame retardancy mechanism of the
phosphorus containing epoxy resins was the condensed phase
mechanism, hypothesis sustained by SEM and XPS
measurements. The epoxy composites formed coherent and
denser chars than the neat The phosphorus-rich
carbonaceous layer prevented the diffusion of the heat and
oxygen into the inner layers. Moreover, due to the presence of the
phosphine oxide group, which is a very good interacting site in
promoting miscibility and adhesion with different substrates, this
oligomer could be used as flame retardant agent in various
formulations.

one.
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Textual Abstract

Commercial epoxy resin loaded with phosphorus flame retardant led to composites

exhibiting remarkable improved flame retardancy and thermal stability.



