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ABBREVIATIONS
Materials in literature review:
APP ammonium polyphosphate
ATH aluminium trihydrate
BAMPO bis(3-aminophenyl)methylphosphine oxide
BAPP bis(4-aminophenyl) phenylphosphate
BAPPO bis(aminophenyl)phenylphosphine oxide
DDM 4,4'-diaminodiphenylmethane
DDS diamino-4,4'-diphenyl sulfone
DGEBA diglycidyl ether of bisphenol A
DGEBC diglycidyl ether of 1,1-dichloro-2,2-bis(4-hydroxyphenyl)ethylene
DICY dicyandiamide
DOPO 9,10-dihydro-9-oxa-10-phosphaphenanthrene 10-oxide
PEPA 1-oxo-4-hydroxymethyl-2,6,7-trioxa-1-phosphabicyclo[2,2,2]octane
TAPO tris(3-aminophenyl)phosphine oxide
TAPP bis-(3-aminophenyl)-phenyl phosphate
TBBA tetrabromobisphenol A
TPP triphenyl phosphate

Materials in experimental part:
BHQ monobenzyl hydroquinone
DECP diethyl chlorophosphate
EDA ethylenediamine
HMP, HDP hydroquinone monophosphate, diphosphate
HQ hydroquinone
K4P4OH tetraphosphorylated C-methylcalix[4]resorcinarene
K8OH C-methylcalix[4]resorcinarene
K8P octaphosphorylated C-methylcalix[4]resorcinarene
MMT montmorillonite
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PG phloroglucinol
PMP, PDP, PTP mono-, di- and triphosphate of phloroglucinol
PY pyrophosphate
RC resorcinol
SEP sepiolite
TEA triethylamine
TEAP P(O)(OCH2CH2NH2)3
TEBAC benzyl-triethyl ammonium chloride
TEDAP P(O)(NHCH2CH2NH2)3
TEP triethyl phosphate
TOPDAP P(O)(NHC6H4NH2)3

Methods:
ATR-IR attenuated total reflection infrared spectroscopic measurement
DSC differential scanning calorimetry
dTG derivative thermography
GWFI glow wire flammability index test
HRR heat release rate (at mass loss calorimeter measurements)
IR infrared spectroscopic measurements
LOI limiting oxygen index measurement
MALDI TOF mass spectroscopic measurements applying matrix assisted laser desorption/ionization
technique
MLC mass loss calorimeter
MS FAB mass spectroscopic measurements applying fast atom bombardment ionization technique
SEM scanning electron microscopy
TG thermogravimetric measurements
TG/DTA-MS coupled mass spectroscopic and thermogravimetric measurement
TG-FTIR coupled infrared spectroscopic and thermogravimetric measurement
XPS x-ray photoelectron spectroscopy
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1 INTRODUCTION AND AIMS
Epoxy resins are widely applied as adhesives, surface coatings, laminates and matrix materials in
electronic, transport and aerospace industries due to their excellent characteristics as good adhesion
to many substrates; moisture, solvent and chemical resistance; low shrinkage on cure; outstanding
mechanical and electronic resistant properties. However, having an organic matrix, their thermal and
flame resistance needs to be improved in many application areas.
The increased attention to safety requirements has accelerated the investigation of flame retardant
plastics, but the proportion of the flame retarded types among commercial polymers is still lower than
desirable. Nevertheless, certain segments of the industry, due to the relevant fire damages, started to
recognize the importance of flame retardancy. According to a market study1 the annual consumption
of flame retardants is currently over 1.5 million tonnes, which is the equivalent of a sales volume of
approx. 1.9 milliard €. The total flame retardant market will continue to increase with average annual
growth rate of 5%, which is due in part to the fact that the use of plastics in the past few years has
increased significantly. Flame retardants are also of increasing importance due to the increasing
miniaturization of electronic and electrical equipment and the heat concentration and therefore fire
threat associated with this miniaturization.
The sustainable development concept applied to this field implies that fire retardants should involve a
low impact on health and environment during the entire life cycle including recycling and disposal. At
the same time, cost pressures in industry are rising: cost-effective processing of flame retardants is
essential nowadays; additives have to be developed that can be optimally integrated in the production
process. Europe-wide standards and guidelines are likely to require even stricter benchmarks for
flame retardancy.
There exist two main approaches to achieve flame retardancy: the additive and the reactive approach.
Lately the reactive type of flame retardancy was given much attendance because of its numerous
advantages: it provides a more stable effect, because the additive is chemically incorporated into the
polymer structure, so it does not migrate to the surface of the matrix either during high temperature
processing or application. Due to these reasons less flame retardant is needed to achieve the same
level of flame retardancy, which also leads to reduction of toxic gas emission compared to the additive
approach. Furthermore the increasing focus on the health and environmental compatibility of flame
retardants has drawn the attention to the halogen-free additives and especially to the
organophosphorous reactive flame retardants2. In case of epoxy resins the phosphorus-containing
chemical unit, providing the flame retardant effect, can be incorporated into the epoxy component, the
crosslinking agent or into both of them.
Our aim was to synthesize various phosphorus-containing flame retardants which can be reactively
incorporated into the epoxy resin matrix due to their free hydroxyl or amino groups by simple, costeffective methods. After the selective monophosphorylation of the chosen simple model
hydroxyphenols, hydroquinone and phloroglucinol the developed phosphorylation method was
planned to be extended to polyhydroxyphenols with higher molecular weight and better compatibility

5

TOLDY ANDREA

SYNTHESIS AND APPLICATION OF REACTIVE ORGANOPHOSPHOROUS FLAME RETARDANTS

with polymers, as calixresorcinarenes. Aliphatic and aromatic phosphorylated amines with high
phosphorus-content and high functionality were intended to be synthesized and used both as flame
retardant and crosslinking agent in epoxy resins.
Preliminary fire retardancy tests served to choose the best performing phosphorus-containing
compound for further development. Its effect on the curing process was to be evaluated by differential
scanning calorimetry, while the effect on thermal degradation was to be estimated by
thermogravimetric measurements. Limiting oxygen index (LOI), UL-94, mass loss and heat release
rate measurements served to characterize the fire retardant performance. The effect of
montmorillonite and sepiolite type clay particles was intended to be studied both alone in epoxy resin
and combined with phosphorus-containing flame retardants. Optimal amount of clay additives was to
be determined on the basis of their effect on crosslinking density of the epoxy resins and fire
performance.
The mode of action and degradation pathway was supposed to be clarified by complex structural and
mechanical characterization of the formed intumescent char; solid residue analysis by infrared
spectroscopic methods and x-ray photoelectron spectroscopy and analysis of the gases evolved
during the degradation by thermogravimetric measurements coupled with infrared and mass
spectroscopy. The better understanding of degradation mechanism was crucial for further improving
the fire retardant performance of epoxy networks.
Finally, the scale-up and optimization of the synthesis of the chosen best-performing compound was
planned to be carried out both in reactor calorimeter and ReactIR apparatus. Catalytic effect of clay
particles on the synthesis was intended also to be studied. Optimization of phosphorus-content of the
flame retarded epoxy resin was to be done on the bases of crosslinking density, mechanical and fire
performance properties of the resin compositions. Glow wire flammability index test served to
determine if the new flame retardant epoxy resins meet the strict requirements of the electronic and
electrical industry, where they are mostly supposed to find an application. Last but not least,
estimation of the environmental effects and costs was to be performed.
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2 LITERATURE OVERVIEW
To facilitate the understanding of flame retardancy of epoxy resins, at first the main structural elements
of the cured epoxy network, its thermal decomposition and combustion will be briefly discussed.
The still extensively applied halogen-containing flame retardants and the new European regulations
promoting their substitution by more environmental-friendly, e.g. phosphorus-containing solutions will
be also shortly introduced. As the aim of this work was to use reactive phosphorus-containing flame
retardants for solving the flame retardancy of epoxy resins, this literature review will focus, from the
wide area of flame retardancy solutions, mainly on the current achievements of the reactive type
phosphorous flame retardants. In the last chapter the flame retardant effect of clay particles in epoxy
resin and the possible synergistic effects with other flame retardants will be summarized.

2.1 Flame retardancy of epoxy resins
Epoxy resins have found use in various industrial applications in the last 60 years since they have
been commercially available, due to their excellent characteristics as toughness, chemical, mechanical
and electrical resistance, low shrinkage on cure and high adhesion to many substrates. They are
widely used for surface coatings, castings, laminates, adhesives, composites, potting and painting
materials, especially in application areas where their technical advantages balance their higher costs
compared to other thermosetting polymers, e.g. electronic and electrical industry, transportation
industry. The main disadvantage of epoxy resins, as generally of other organic polymers, is their
flammability. In order to meet application requirements their flame retardant properties have to be
improved by maintaining other important characteristics as thermal and mechanical properties, and
also considering environmental issues as risks for human life and environment, waste treatment and
recycling.

2.1.1 Basic structural elements of epoxy resins
The main structural elements of the cured epoxy network basically influence their flame retardancy,
thermal decomposition and combustion characteristics. More detailed discussion of epoxy resin
chemistry can be found in the books edited by Bruins3, May4 and Ellis5. The structure of the cured
resin depends on the epoxy monomer and curing agent used. Usually, chemical linkages generated
by reactions of glycidyl ethers are less stable than other chemical linkages in the epoxy network,
therefore the attention will be focused on the structures formed by the glycidyl ethers.
Aliphatic and aromatic diamines are the most widely used classes of curing agents. With the proper
catalyst, aliphatic diamines cure epoxies at room temperature, whereas elevated temperatures are
required for aromatic diamines (Scheme 2.1).
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Scheme 2.1
Secondary amines, although more hindered than primary amines, can still react with epoxies and form
crosslinks.
Carboxylic acids easily react with epoxies; however, generally anhydrides are used for curing
(Scheme 2.2).

Scheme 2.2
Anhydrides of dicarboxylic acids produce linear structures with diepoxides, and crosslinking usually
occurs due to esterification of the alcohol groups (Scheme 2.3).

Scheme 2.3
Aliphatic alcohols are reactive with epoxies; however, they are not normally used as curing agents,
whereas polyphenols are becoming more frequently used because they favour a high glass transition
temperature of the cured epoxy (Scheme 2.4).

Scheme 2.4
In the presence of catalyst, epoxies can undergo self-curing. This process always occurs to some
extent when the curing agent is used, and mostly concerns the reaction of a secondary alcohol
(formed during the reaction of the glycidyl ether and the curing agent) with the epoxy (Scheme 2.5).
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Scheme 2.5
Self-curing of epoxies is often responsible for crosslinking when difunctional curing agents are used.

2.1.2 Thermal decomposition and combustion of epoxy resins
Usually, thermal decomposition of any epoxy resin starts from the dehydration of the secondary
alcohol, leading to the formation of vinylene ethers6,7,8 (Scheme 2.6).

Scheme 2.6
The resulting allylic ether C-O bond is thermally less stable than the original C-O, and therefore chain
scission mostly occurs at the allylic position. In epoxies copolymerized with amines, the allylic amine
C-N bond is less stable than the allylic ether C-O bond, and therefore in general, the amine-cured
epoxy resins are less stable than anhydride-cured epoxies9. Both homolytic and heterolytic chain
scission of allylic C-N (C-O) bonds were suggested in the literature10,11,12 which leads essentially to
the same result (Scheme 2.7).

Scheme 2.7
A second similar chain scission with the secondary amine group (C-NH) might be expected to result in
liberation of the curing agent. However, this seems not to be the case, since amines were found only
as a minor product of the thermal decomposition of epoxies13. Amines usually volatilize as a part of the
chain fragments or stay in the solid residue and undergo charring.
Upon further decomposition, aliphatic chain ends produce light combustible gases, allyl alcohol,
acetone and various hydrocarbons6,7,8,9,11,12.
Alternatively, the allylic ethers or amides, formed after losing water, can undergo the Claisen
rearrangement (Scheme 2.8) which changes the paraphenylene group to a 1,2,4-trisubstituted
benzene with increased thermal stability14. This structure is partially responsible for further crosslinking
and charring of epoxy resins.
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Scheme 2.8
At high temperatures, polyaromatic hydrocarbons, such as naphthalene and phenanthrene, are
important degradation products formed by aromatization reactions15. Radical recombination is also a
possible pathway for the formation of highly aromatic compounds.
Thermal oxidative decomposition of the epoxy resins has also been extensively reported in the
literature16,17,18. Basically, three mechanisms for the oxidation of epoxies were suggested: (1) attack of
oxygen on the methylene group16, (2) oxidation of the tertiary carbons in the aliphatic portion of the
chain, which is usually an ester-type crosslink in the anhydride cured resins17, and (3) oxygen attack
on the nitrogen in the amine-cured epoxies18. Any of these mechanisms leads to the formation of
carbonyl groups (isomerisation in the case of (3)) which further decompose and result in chain
splitting.
The thermal stability of epoxy resins, as well as their flammability, depends on the structure of the
epoxy monomer, the structure of the curing agent and the crosslink density.
Epoxy compounds that contain novolac derivatives (phenol novolac-type or o-cresol novolac-type
epoxy resins) including aromatic groups in the main chain display far higher flame-retardancy than that
of epoxy resin compounds without aromatic groups19,20.
Epoxy resin compounds containing biphenylene group in the novolac structure were more effective
than compounds containing phenylene group. It was speculated that the biphenylene-containing resin
resulted in lower crosslinking densities and higher elasticity which facilitated the formation of an
intumescent layer.
The

use

of

a

multifunctional

epoxy

resin

with

four

glycidyloxy

groups,

tetrakis

(glycidyloxyphenyl)ethane (Scheme 2.9), in combination with other epoxy resin compounds improved
the thermal stability while still maintaining excellent flame-retardancy19. It is believed that this
combination of results could be attributed to a local increase in crosslink density. Although the overall
elasticity slightly decreased, it remained high enough for intumescent layer formation.

Scheme 2.9
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The high reactivity of the glycidyl ether groups in the epoxy monomers allows versatility of curing
agents, either catalytic or reactive. The catalytic curing agents do not build themselves into the
thermoset structure and therefore do not much affect the flammability of the resin. For example, it was
shown21 that epoxy resins catalyzed by various boroxines have essentially the same limiting oxygen
index because the crosslinking densities were comparable. On the other hand, some enhancement of
the oxygen index was observed upon increasing the amount of the catalyst and a very significant
increase was observed upon increasing the curing time, which is attributed to the increase of the
crosslink density22. However, very high crosslink density of the epoxy resin could make the network
structures too rigid to produce intumescent charred layers during combustion and therefore deteriorate
flame retardancy20. The chars of highly crosslinked resins instead cracked and continued burning.
Reactive curing agents, mostly represented by amines, anhydrides or phenolic resins, strongly modify
the flammability. The combustion behaviour of similar epoxy resins depends on the ratio of oxygen to
carbon atoms in the polymer structure. Epoxy resins cured with amines tend to produce more char and
they apparently are less flammable than acid- or anhydride-cured resins at comparable crosslink
densities23.
The literature data on the effect of crosslink density on thermal stability are contradictory. For example,
Dyakonov et al.24 showed that the thermal stability increases with increasing crosslink density for the
analogous resins. On the other hand, Iji and Kiuchi20 found that the pyrolysis resistance of novolac
epoxy resins was slightly decreased by the addition of an excess of hardener. In general, the thermal
stabilities of aromatic epoxy resins are higher than those of aliphatic ones, even though the crosslink
densities of the aromatic networks may be lower.

2.1.3 Halogen-containing flame retardants
Halogen-containing flame retardants are effective through the gas phase by releasing halogen
radicals, which react with the high energy H and OH radicals responsible for the chain reaction of
burning organic gases.
Generally halogen-containing flame retardants for epoxy resins are brominated phenols, which react
with the epoxy component of the polymer system, and so bromine is integrated into the polymer
matrix. The resins used are mainly diglycidyl ether of bisphenol A (DGEBA) and tetrabromobisphenol
A (TBBA).
Tetrabromobisphenol A (Scheme 2.10) is a unique reactive flame-retardant additive widely used in
epoxy resins, especially in electronic grades, where flame-retardancy is mandatory. Normally, TBBA is
pre-reacted with epoxy in the so-called chain extension process. In order to obtain a V-0 rating (see
explanation below in 3.2.2) in printed wiring boards, 20 to 37 mass% of TBBA is used. TBBA is
reportedly the highest-volume brominated product sold in the market.
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Scheme 2.10
Highly thermally stable 2,2’,6,6’-tetrabromo-3,3’,5,5’-tetramethyl-4,4’-biphenol (Scheme 2.11) having
the m-brominated phenol moiety was synthesized and reacted into epoxy resin systems25. In
electronic encapsulation and laminate applications, epoxy systems derived from this brominated
biphenol have exhibited superior hydrolytic and thermal stability as compared to the conventional obrominated epoxy resins. These properties have resulted in an extended device life for
semiconductors and a high glass transition temperature with excellent blister resistance for printed
circuit boards, while meeting flame retardancy requirements as well.

Scheme 2.11
The flammability, thermomechanical properties and fire response of the diglycidylether of 1,1-dichloro2,2-bis(4-hydroxyphenyl)ethylene (DGEBC) (Scheme 2.12) cured with several hardeners were
recently examined and compared to diglycidylether of bisphenol-A (DGEBA) systems26. The
mechanical properties of the DGEBC and DGEBA systems were equivalent, but the DGEBC systems
exhibited superior flame-resistance and 50% lower heat release rate and heat release capacity than
the corresponding DGEBA systems. DGEBC cured with methylenedianiline had an oxygen index of
30, exhibited UL 94 V-0 behaviour (see explanation below in 3.2.2). The excellent fire-retardant
performance of DGEBC was attributed to its unique charring mechanism rather than to the effect of
chlorine present in the molecule.

Scheme 2.12
In order to provide a sufficient flame retardant performance the brominated resins must contain 1622% of bromine, which in case of fire may cause problems because of the release of toxic and
corrosive smoke containing e.g. hydrogen bromide or polybrominated dibenzodioxins and
dibenzofurans.
The increasing focus on the health and environmental compatibility of flame retardants has resulted in
a steady decline in the acceptance of halogen-containing products. Although halogenated flame
retardants are highly effective for reducing the flammability of epoxy resins, the future use of these
retardants is unclear. Public perception of the environmental impact of combustion of certain
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halogenated flame retardants during incineration has become an issue in Europe because of the
possible production of dibenzodioxins and dibenzofurans27.
The sustainable development concept applied to this field implies that fire retardants should involve a
low impact on health and environment during the entire life cycle including recycling and disposal.
According to the new directives of the European Parliament (Directives on Waste Electrical and
Electronic Equipment (WEEE) and on the Restriction of the Hazardous Substances in Electrical and
Electronic Equipment (RoHS)) from July 200628:
–

halogenated flame retardants containing polybrominated biphenyls and diphenylethers are

banned together with lead, mercury, cadmium and hexavalent chromium,
–

electrical and electronic waste should be separated from other waste,

–

bromine-containing waste should be separated from other electrical and electronic waste.

Considering the above mentioned drawbacks substantial amount of research and development has
been focused on the replacement of these halogen-containing flame retardant by halogen-free
products.

2.1.4 Phosphorus-containing flame retardants
Organophosphorous compounds used as monomers or as additives form an important group of flame
retardants. Their importance is permanently growing as they perform an adequate effect also in low
percentage and so they do not influence considerably the properties of the polymer matrix, as e.g. the
metal hydroxides; and on the other hand considering the impact on health and environment they are
definitively more advantageous than the halogen-containing flame retardants.
The range of phosphorus containing flame retardants is extremely wide and the materials are
versatile, since the element exists in several oxidation states. Phosphines, phosphine oxides,
phosphonium compounds, phosphonates, elemental red phosphorus, phosphites and phosphate are
all used as flame retardants

29 30 31 32

, , , . These compounds mostly perform their flame retardant function

in the condensed phase by increasing the amount of carbonaceous residue or char. There are two
char forming mechanisms: (a) redirection of the chemical reactions involved in decomposition in favour
of reactions yielding carbon rather than CO or CO2 and (b) formation of a surface layer of protective
char. The chemical transformations of phosphorus containing compounds and their participation in all
stages of the polymer combustion process are not yet fully understood; nevertheless evidence of their
practical importance in the development of halogen-free flame retardants is abundant in the literature.
Cured epoxy resins have a high concentration of OH groups8 and therefore phosphorus-containing
fire-retardants are particularly effective in epoxy resins because phosphorus-containing products tend
to react with OH groups. The amount of phosphorus needed to achieve a V-0 rating depends strongly
on the type of hardener used, as well as on the presence or absence of fibers or fillers. Anhydride
hardeners require up to 5% P, and amine type hardeners usually 3%. However, for laminates with
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60% fiber content 2% P can already be sufficient. As the amount of phosphorus needed to fulfil the
flammability requirements is different for each epoxy application, every system should be optimized by
an iterative test series. Epoxy resins can be fire retarded by using conventional additives; however,
reactive comonomers often are more preferred because they allow the maintaining of better physical
properties. An extensive review on phosphorus-containing flame-retardants in epoxy resins was
recently published by Jain et al.33.
Red phosphorus is a very efficient additive for epoxy resins; however, it needs to be stabilized in order
to maintain long-term reliability. Only 0.5 mass% of encapsulated red phosphorus was required in a
cresol novolac resin filled with silica in order to obtain a V-0 rated resin for packaging of electronic
devices34.
Ammonium polyphosphate (APP) can be used in some epoxy formulations where long-term hydrolytic
instability can be tolerated. Low smoke generation of an epoxy containing APP is an advantage. APP
shows very high efficiency in epoxy resins: 15 mass% increases the OI from 22 to 31 in bisphenol A
epoxy cured with an aliphatic amine. Combinations with aluminium trihydrate (ATH) help to improve
some physical properties while maintaining the required level of flame-retardancy. APP in combination
with ATH was used in early commercial halogen-free printed wiring boards35.
The effect of triphenyl phosphate (TPP) and ATH on the flame-retardancy and thermal stability of acid
anhydride-cured epoxy resin was studied by thermogravimetry and LOI36.Unexpectedly, it was found
that ATH, TPP and the mixture of ATH and TPP all could decrease the char residues of the cured
resin, which is disadvantageous for the flame-retardant effect. Furthermore, it was shown that this
disadvantageous effect is the most pronounced in the temperature region of the resin's skeletal
degradation (about 360-450°C). It was believed that the reactive alumina (a Lewis acid), which is
formed from the ATH losing its water of crystallization, and the phosphorus acids, formed as the TPP
decomposes in the condensed phase, could catalyze the degradation of the cured epoxy resin.
A dual thermosetting system consisting of an epoxy resin, blended with unsaturated polyester was
flame retarded either with triphenylphosphine oxide or various commercial aromatic phosphates
(triphenyl phosphate, isopropylphenyl diphenyl phosphate, cresyl diphenyl phosphate, etc.) or diethyl
ethylphosphonate37. It was found that in the presence of a small amount of unreactive phosphoruscontaining additives, the OI increased considerably but the flame retardancy was not further increased
by increasing the level of the phosphorus-containing additive. In fact, a loading of 5% of the additives
gave almost the same OI as 15%. A comparison of DGEBA/DDS (diamino-4,4'-diphenyl sulfone)
resins containing phosphate compounds as additives, namely, trimethyl phosphate, triethyl phosphate,
tributyl phosphate and triphenyl phosphate; with resins including chemically bonded organophosphate
groups, namely, DGEBA pre-reacted with diphenyl or dialkylester phosphates; was performed by
Derouet et al.38 They showed that the fire-retardant behaviour of crosslinked DGEBA/DDS with
incorporated dialkyl phosphate groups onto the epoxy resin backbone was always greater than those
of the resins containing the corresponding trialkyl phosphate additives.
As the aim of this study was to synthesize and apply reactive phosphorus-containing flame retardants
in epoxy resins, in the followings it will be entirely focused on this type of flame retardants.
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2.2 Phosphorus-containing reactive flame retardants
Many organophosphorous additives have low molecular weight and are therefore somewhat volatile,
leading to the possibility of their loss from the polymer by migration. Clearly, there is a need to
increase the permanence of the additive within the polymer; therefore the incorporation of the
organophosphorous functionality within the polymeric structure is a logical progression of this field:
newer developments in this area of organophosphorous flame retardants are the reactive flame
retardants, which can be used both as monomers for polycondensation polymers and as flame
retardants.

2.2.1 Phosphorus-containing epoxy monomers
Series of diglycidyl phosphates, diglycidyl phosphonates and glycidyl phosphinates have been
prepared in the laboratories of Siemens AG39. It was found that such phosphonates and phosphinates
are more efficient at the same level of phosphorus content than those phosphates, either incorporated
into the resin network, or added (tricresyl phosphate).
Large number of publications is discussing the use of 9,10-dihydro-9-oxa-10-phosphaphenanthrene
10-oxide (DOPO) (Scheme 2.13). This can be either pre-reacted with epoxy resin or used as a
reactive additive during curing.

Scheme 2.13
Phosphorus-containing epoxy resins (Scheme 2.14) (1-3% phosphorus content) were synthesized by
reacting DOPO with DGEBA40. Higher OI values were obtained with higher phosphorus contents. For
resin cured with DDS, the OI increased from 22 to 28 when the phosphorus content increased from 0
to 1.6%.

Scheme 2.14
A series of advanced epoxy resins with various epoxy equivalent weights were synthesized from a
reactive phosphorus-containing diphenol (Scheme 2.15) and diglycidyl ether (Scheme 2.16) and then
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cured with DDS or dicyandiamide (DICY)41,42. It was shown that the decomposition temperatures of
the formulations with different phosphorus contents are almost the same as for non flame retardant
epoxies. Less than 1% char yield was found in the non flame retardant system at 700°C under air;
however, 10-18% char yields were found in the phosphorus-containing epoxies. The OI increased
from 22 to 28 when the phosphorus content increased from 0 to 1.4%; however, it reached a plateau
when the phosphorus contents exceeded 2.1%. In the epoxy formulation for encapsulation of
electronic devices, a V-0 rating could be achieved with a phosphorus content of 1.0%, comparable to
a bromine content of 7.2%.

Scheme 2.15

Scheme 2.16
Other flame retardant epoxy monomers were prepared by reacting the diphenol (Scheme 2.15) with
DGEBA or high performance naphthalene-based epoxies and compared with TBBA advanced epoxy
resins43. Phosphorus was found to be more effective than bromine in attaining the flame retardant
property (2% phosphorus seemed to be as effective as 20% bromine). A V-0 rating could be achieved
with 1.4 mass% phosphorus or 13.4 mass% bromine for highly crosslinked resins.
Two phosphorus-containing diacids were synthesized from DOPO and either maleic acid or itaconic
acid and then reacted with the diglycidyl ether of bisphenol A to form two series of advanced epoxy
resins44.The degradation temperatures of samples cured with DDS were found to decrease with
phosphorus content, while the char yield increased with phosphorus content. For both types of flame
retardant epoxies, incorporating 1.7% P provided a V-1 rating.
DOPO was reacted with epichlorohydrin (Scheme 2.17) and then polymerized to give a linear
polyether type prepolymer (Scheme 2.18)45. This prepolymer could not be crosslinked when using
amines as hardeners; however, cationic initiators or acid anhydride hardeners were suitable for
obtaining epoxy resins with high phosphorus contents and good flame-retardant properties.
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Scheme 2.17

Scheme 2.18
DOPO was reacted with the carbonyl group in 4,4’-dihydroxybenzophenone to give a phosphoruscontaining bisphenol (Scheme 2.19), which was then reacted with epichlorohydrin or DGEBA to obtain
phosphorus-containing epoxy monomers46,47. The cured epoxy resins had high glass transition
temperatures and high thermal stabilities. The char yields were found to increase when the
phosphorus content increased, while increasing the phosphorus content resulted in elevated LOI
values. The DICY-cured epoxy resins showed higher LOI values when compared to other diamines.
This was attributed to a possible phosphorus-nitrogen synergism. When the DOPO-containing epoxy
resins were cured with a DOPO-containing diamine (Scheme 2.20), extremely high OI values,
between 37 and 50, were found, resulting from the high phosphorus contents of the epoxy resins.

Scheme 2.19

Scheme 2.20
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diphenylphosphine
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a

side-chain
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48

monoepoxide, was mixed with DGEBA and cured with diethylene-tetramine . Because of the low
crosslink density of the system, this resulted in poor protection by intumescent char during thermal
decomposition, and therefore the LOI of the epoxy decreased with an increase of the monoepoxide,
although the phosphorus content increased. In contrast, the OI of the polymer increased with the
phosphorus

content

of

the

samples

when

DGEBA

was

copolymerized

with

bis-(3-

49

glycidyloxy)phenylphosphonine oxide . These systems showed relatively higher char yield and LOI
values at 29-31, while the epoxy without phosphorus exhibited LOI values of 19-22. The same resin
was copolymerized with bis(4-aminophenyl) phenylphosphate and showed a much higher OI of 343950.

Scheme 2.21
Aliphatic diglycidyl phosphonates (Scheme 2.22), where R is CH3, C3H7 or C6H6 were copolymerized
with DGEBA and novolac epoxy resins and then cured with bis(4-aminophenyl) ethylphosphine
oxide51. These adhesives provided V-0 ratings for laminate printed wiring boards.

Scheme 2.22
Phenylphosphonic dichloride was reacted with two moles of a bisphenol and then the dihydroxy
compound was converted to an epoxy monomer by reaction with epichlorohydrin (Scheme 2.23)52.
The LOI values of these phosphorus-based epoxies ranged from 33.3 to 40.3. The maximum LOI
value was obtained for the epoxide with the highest P content, while the minimum OI value was
exhibited by the epoxide containing the sulfur moiety. Chemically bound sulfur was found to show no
contribution to the flame-retardancy of the polymer.
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where Ar = a, b, c, d

Scheme 2.23
One of these epoxy resins (Scheme 2.23a) was further co-reacted with an s-triazine derivative, thus
producing a phosphorus-nitrogen-containing monomer. This epoxy was more efficient than the purely
phosphorus-containing resin, hence indicating a N/P synergistic effect. This synergistic effect showed
a maximum at a P/N ratio of 1.8. Similarly, epoxy monomers were prepared with phenolphthalein
phosphorus-containing groups and s-triazine nitrogen-containing groups. This epoxy showed a
maximum synergistic performance at a P/N ratio of 1.2. It was speculated that steric hindrance of the
phenolphthalein group slows down the formation of the P-N network structure responsible for the
synergism.
An epoxy resin containing a tetrafunctional epoxy containing phosphorus oxide and nitrogen groups in
the main chain (Scheme 2.24)53 was synthesized and cured with bis(3-aminophenyl)methylphosphine
oxide (BAMPO), 4,4’-diaminodiphenylmethane (DDM) or 4,4’-di-aminodiphenyl sulfone (DDS), and
compared with commercial resins. The phosphorus-containing epoxy resin showed higher char yields
and improved flame retardancy compared to bisphenol A or novolac-type commercial resins.

Scheme 2.24
An oligomer prepared by reacting bisphenol A with phenylphosphonic dichloride (Scheme 2.25) was
used for chain extension of DGEBA and compared with commercial TBBA chain extended epoxies54.
Epoxy resins with polyphosphonates, containing 1.5-1.8% P, exhibited a lower flammability than the
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analogues without P, although the flammability was still higher than that of the commercial brominated
resin containing 18.5% Br.

Scheme 2.25
Methylethyl- or dimethylpyrophosphinates (Scheme 2.26) were used for the phosphorylation of
phenolic novolac epoxy resin, which ensured its flame retardancy55. Aliphatic pyrophosphates were
made by reacting aliphatic phosphate with P4O1056. Epoxy resins pre-reacted with 12 mass%
pyrophosphates were cured with a polyamine in order to prepare coatings.

Scheme 2.26
A phosphorus-containing epoxy resin, bis(3-tert-butyl-4-glycidyloxyphenyl-2,4-di-tert-butylphenyl)
resorcinol diphosphate (Scheme 2.27), was synthesized and subsequently cured with aromatic
amines57. The phosphorus-free epoxy polymers exhibited LOI values of 18-23, whereas the
phosphorus-containing epoxy cured with commercial amines exhibited values of 28-31. The highest
LOI values could be obtained for the phosphorus-containing polymers with high aromatic contents,
which attributed to the char contribution of the phenyl groups.

Scheme 2.27
A multifunctional epoxy resin was prepared by the reaction of epichlorohydrin with (4diethoxyphosphoryloxyphenoxy)(4-hydroxyphenoxy) cyclotriphosphazene58. The epoxy resin was
further cured with diamine curing agents, DDM, DDS, DICY, and 3,4’-oxydianiline. Compared to
DGEBA, epoxy polymers showed lower weight loss temperatures, higher char yields, and higher LOI
values.
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2.2.2 Phosphorus-containing curing agents
Similarly to epoxy monomers, phosphorus-containing groups can be incorporated into the curing
agent. 9,10-dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO) is commercially available in
Japan and Europe and is recommended as part of a curing system for halogen-free flame retardant
epoxies59. Because the flame retardant content can be freely varied, the systems could be adapted to
specific flame retardancy requirements. Combination resins containing DOPO were found to meet the
UL 94 V-0 rating with phosphorus contents below 3%. This meets the requirements for electrical
laminates. However, a study using a cone calorimeter showed that a test laminate containing this
additive still does not meet the flame retardancy requirements for aerospace applications.
Methylsuccinic anhydride was reacted with DOPO and the product (Scheme 2.28) was used as a
reactive type flame retardant with a pendent phosphorus group to cure DGEBA60. Epoxy resins cured
with this phosphinate anhydride exhibited higher LOI values and char yields when compared with
those cured by commercial anhydrides, such as phthalic anhydride and hexahydrophthalic anhydride.

Scheme 2.28
DGEBA was cured with a phosphorus-containing diamine derived from DOPO and 3-nitrobenzoyl
chloride, followed by hydrogenation (Scheme 2.29)61. This resin was compared to the phosphorusfree epoxies cured with DDS or DDM. The char yield of the phosphorylated epoxy at 700°C under
nitrogen was 32%, whereas the yields of DGEBA/DDS and DGEBA/DDM were 15% and 13%,
respectively. This result was further confirmed by LOI measurements. Comparing the LOI values of
DGEBA/DDS (22) and DGEBA/DDM (21), the LOI of the phosphorus-containing epoxy was 30.
Correlations between the high char yields and LOI values implied that the flame retardancy of the
epoxy resins was elevated by using the phosphorus-containing diamine as a curing agent.

Scheme 2.29
The synthesis of the diamines containing two DOPO groups has been described by Chiu et al.62.
Phosphine oxide structures are often used to impart flame retardancy to curing agents, because
phosphine oxides are thermally and hydrolytically very stable. A cyclic phosphine oxide (Scheme
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2.30) was used in various epoxy resins, including the naphthalene type and branched novolac
epoxies43. Most of these compositions showed a V-0 rating in printed circuit board laminates at 1.52.0% phosphorus in the epoxy.

Scheme 2.30
Several studies have been reported in the literature concerning curing of epoxy resins with
bis(aminophenyl)methylphosphine oxide (BAMPO) (Scheme 2.31), as well as the thermal and
combustion performance of the resins containing this oxide.

Scheme 2.31
Varma and Gupta63 found that glass fabric reinforced laminates based on DGEBA and BAMPO
exhibited a higher limiting oxygen index, than those based on the DGEBA/DDS system. Epoxy resins
cured with BAMPO exhibited higher char yields when compared to those cured by DDS. The
phosphorus-containing epoxy resins showed self-extinguishing characteristics in comparison to the
DDS cured sample which continued to burn after removal of the ignition source. The cone calorimetry
test showed that the heat release rate decreased as the phosphorus concentration increased.
Shau and Wang64 compared BAMPO with DDM and DDS in bisphenol A and novolac epoxy resins, as
well as with a phosphorus-containing epoxy with a cyclic phosphine oxide group. Similar comparisons
were made with diimide-diepoxide polymers65. Epoxy resins cured with BAMPO showed higher OI
values than non-phosphorus-containing resins; however, the decomposition temperatures of the
phosphorus-containing polymers were significantly lower. The authors speculated that phosphoric acid
species were formed upon thermal decomposition, which catalyze dehydration of the polymers at
lower temperatures.
Levchik et al.66 showed that the fire retardant effectiveness of the BAMPO goes through a maximum
with increasing phosphorus concentration in a tetraglycidylmethylenediphenylamine/DGEBA epoxy
blend. This was attributed to the competition between the char forming fire retardant action and
promotion of the evolution of combustible gases because of the catalysis of degradation. The second
action seems to prevail at larger concentrations of the oxide, corresponding to 2-2.5% P. This is also
the range of concentration where the mechanism of action of the oxide switches from a condensed
phase (charring) to a gas-phase action, probably due to volatilization of flame inhibiting phosphoruscontaining degradation products.
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It was found that completely aromatic bis(aminophenyl)phenylphosphine oxide (BAPPO) (Scheme
2.32) tends to produce more char than BAMPO. It also gives higher char yields compared to
bis(aminophenyl)phenylphosphonate67. Hsiue et al.68 studied the flame retardant properties of this
phosphonate in combination with phosphorus- or silicon-containing epoxies and found a phosphorussilicon synergistic effect.

Scheme 2.32
In another study, the diamine bis(4-aminophenyl) phenylphosphate (BAPP) (Scheme 2.33) was
studied in combination with diglycidyl phenylphosphate69. High char yields (32-52%) as well as high
LOI values (34-49) for these phosphorylated resins were found. TGA studies showed that the
decomposition of the phosphate groups occurred independently at relatively low temperatures. The
decomposition of the phosphate groups resulted in a phosphorus-rich residue at the initial stage and
slowed down the further decomposition of the resins. This not only decreased the decomposition rates
in the high temperature regions but also resulted in high char yields.

Scheme 2.33
Various amounts of bis(3-hydroxyphenyl) phenyl phosphate were added to phenol novolac as a curing
agent for DGEBA70. Raising the phosphorus content of the resin system from 0 to 2.4% increased the
char yield from 18 to 35%. The flame retardancy of the cured epoxy resins increased with phosphorus
or bromine content (TBBA); however, phosphorus was found to be more effective than bromine as a
flame-retardant (1% phosphorus is better than 6% bromine). Phosphorus-containing samples
generated much less smoke than those containing bromine.
The use of tris(3-aminophenyl)phosphine oxide (TAPO) (Scheme 2.34) as a curing agent for
phosphorylated epoxy-imide polymer and commercial bisphenol A and novolac epoxy resins has been
reported71. It was found that the phosphine oxide increases the char yield for both commercial epoxy
resins, whereas the phosphorylated epoxy-imide polymer gives a further boost to the char yield.
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Scheme 2.34
Mauerer et al. synthesized bis-(3-aminophenyl)-phenyl phosphate72 (TAPP) (Scheme 2.35) based on
a transesterification of triphenyl phosphate with 3-aminophenol. Laminates made of aminophenyl
phosphate crosslinked epoxy resin meet the UL 94 V-1 classification. They also meet requirements
concerning water absorption, heat stability and high glass transition temperature.

Scheme 2.35
A poly(arylene ether sulfone) phosphine oxide with controlled molecular weights and amine end
groups, was synthesized, and used as a modifier for DGEBA-based epoxy resins73. The epoxy
samples modified with 20 mass% of the phosphorus-containing ether showed a burning time of 20-30s
after removal from the flame, whereas the epoxy control samples burned up completely.
A series of phenylphosphonic acid amides (Scheme 2.36-Scheme 2.39) and an amide of phenyl
phosphoric acid (Scheme 2.39) were evaluated as curing agents for epoxy resins74. The amide shown
in Scheme 2.39 has a lower phosphorus content (4.81%) than that shown in Scheme 2.37 (4.93%);
however, the char yield of the epoxy cured with the former (Scheme 2.39) was significantly higher
than that of the polymer cured with the latter amide (Scheme 2.37) (30.3% vs. 15.9%). Moreover, the
beginning temperature of the decomposition of epoxies cured with the amide of phenyl phosphoric
acid (Scheme 2.39) was also higher than that for other amide-cured (Scheme 2.36) epoxies. When
comparing the epoxies cured with the amide shown in Scheme 2.38 to those cured with the amide
shown in Scheme 2.37, it was observed that the former has a higher onset temperature for thermal
decomposition but a lower char yield, which indicates that the presence of the additional aromatic
group in this amide (Scheme 2.38) did not play a significant role in improving the flame retardancy.
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Scheme 2.36

Scheme 2.37

Scheme 2.38

Scheme 2.39
Bertram and Davis75 prepared epoxy formulations cured by phenol-formaldehyde novolac resin and
aromatic or aliphatic phosphoric acid amides (Scheme 2.40 and Scheme 2.41). These epoxy resins
showed improved flame retardancy.

Scheme 2.40
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Scheme 2.41
Two series of novel phosphorus-containing polyalkylene amines, with or without aromatic groups,
were synthesized via reacting phosphoryl chloride derivatives with commercially available
polyetheramines, ethylenediamine and N-phenyl-1,4-phenyl-enediamine (Scheme 2.42-Scheme
2.46)48,76. The phosphorus-free epoxy polymers were found to have LOI values of 18-21, whereas the
LOI values of the phosphorus-containing polymers levelled out at 22-31. Compounds with higher
content of aromatics and higher phosphorus-content resulted in higher LOI values.

Scheme 2.42

Scheme 2.43

Scheme 2.44

Scheme 2.45
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Scheme 2.46
Ito and Miyake77 suggested the use of a commercial monofunctional amide (Scheme 2.47), made by
reacting diethylphosphite with acrylamide. This was efficient in epoxy resins heavily loaded with silica,
which have been used for the packaging of electronic devices.

Scheme 2.47
O-methyl-P-ethyl-P-methylphosphinate, dimethyl methylphosphonate, dimethyl ethylphosphonate or
dimethyl propylphosphonate were reacted with P2O5 to make pyrophosphinates or pyrophosphonates,
respectively, which were used to cure epoxies78.
The bicyclic phosphate 1-oxo-4-hydroxymethyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2]octane (PEPA)
(Scheme 2.48) was combined with DGEBA epoxy resin to obtain halogen-free flame retardant
polymers79. These were compared to the resins cured by ethylene diamine or phthalic anhydride. As
measured by cone calorimetry, the ignition time increased and the heat release rate, CO and smoke
evolved decreased with PEPA content. During combustion, the presence of intumescent char was
observed, and the char yield increased with increase of PEPA content. TGA and FTIR spectroscopy
results demonstrate an increase of crosslinking in the process of thermal decomposition, which is
partially responsible for charring.

Scheme 2.48

2.3 Application of clay additives as flame retardants
The disadvantages of the additive flame retardant approach may be dissolved with nano-level
dispersion of the additive: due to high specific surface of the additive and nano-scale interactions with
the polymer matrix, even at very low filler concentration nanocomposites often reveal remarkable
improvement of mechanical, thermal properties and flame retardancy compared to virgin polymer and
conventional microcomposites80,81. Especially great attention has been paid to clay nanoadditives due
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to their low cost and large available quantity. Furthermore, the migration to the polymer surface,
mentioned as one of the disadvantages of additive flame retardants, can turn out as advantage in this
case, as clay nanoparticles migrating to the surface of the polymer matrix form an excellent mass and
heat barrier improving flame retardant properties.
Polymer-clay nanocomposites are a hybrid between an organic phase (the polymer) and an inorganic
phase (the clay). Creation of a nanocomposite is subject to the formation of an interaction between a
polymer and an inorganic phase. These interactions underlie the unique properties not shared by
conventional filled polymers. Two major steps are involved in clay particle dispersion in polymers:
intercalation and exfoliation82,83. In the intercalation step, the spacing between individual clay layers,
called d-spacing, increases from their intrinsic values as polymer chains or monomer molecules
diffuse into the clay galleries, facilitated by the treatment of clay particles with organic modifiers, such
as hydrophobic quaternary alkylammonium ions. In an intercalated state, the clay layers remain
parallel to each other, and a new intensity peak in wide-angle X-ray diffraction patterns characterizes
the increased d-spacing. In exfoliation, the individual clay particles are separated from the intercalated
tactoids and are dispersed in the matrix polymer with no apparent interparticle interactions. A fully
exfoliated system is characterized by the absence of intensity peaks in wide-angle X-ray diffraction
patterns, also transmission electron microscopy is often used to show the relative separation of the
clay particles in exfoliated state. Many studies have been published on the intercalation and exfoliation
of clay structures in epoxy resins. The role of the speed of epoxy curing84, 85, the relative importance of
intragallery and extragallery polymerization rates86,87 and the use of polar solvents88 was investigated.
It was found that faster intragallery polymerization produced exfoliated clay structures; the individual
clay layers were pushed out of the tactoids by gradual diffusion of monomeric epoxy into the clay
gallery. The absence of intensity peak in wide-angle X-ray diffraction in fully cured system under
certain conditions of curing, curing agent, clay type and epoxy type supported these observations. The
speed of diffusion of curing agents and curing temperatures were also shown to influence the degree
of exfoliation86,87.
The synthesis of epoxy-based nanocomposites has been reported with different epoxy monomers89,86
and their thermal stability has been explored87. While the flame retardant effect of clay mineral
particles and its mechanism in thermoplastic matrices is well described in the literature90,91, 92, in case
of thermosetting matrices, as epoxy resin, some studies93,94,95 are published about the flame retardant
effect of clay minerals, but its mechanism is still not clarified enough. This might be explained by the
fairly different case compared to thermoplastic matrices: the epoxy resin matrix is much more polar –
so organophillization is not obligatory to achieve good dispersion – and also not polymers chains
should be introduced between the mineral clay galleries, but only the monomers of the epoxy resin.
Due to the thermosetting matrix the mechanism should be also essentially different from that
described in thermoplastic matrices: the crosslinked structure hinders the migration of clay particles to
the polymer surface and the formation of a protective layer there. Furthermore, the clay particles do
not reduce the dripping of the epoxy resin during burning as it does not drip at all even without
applying any flame retardant. Incidentally it might compensate the softening effect of the flame
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retardants. Consequently, it can be assumed that clay minerals act as flame retardant due to their
catalytic effect on charring and/or reinforcement of the char structure.
According to the recent investigation93, the thermal degradation of nanocomposites depends on the
clay loading, structure and the nature of the ambient gas. A nanocomposite with 2 mass% loading
showed one step degradation, whereas 10 mass% clay loading showed two steps, furthermore the
degradation started at lower temperature with increasing loading of clay. There are two factors which
have opposite influences on the thermal stability of epoxy-clay nanocomposites. The first factor is that
the addition of clay to epoxy decreases the curing reactivity of epoxy resin. Lower reactivity of the
resin generally results in lower crosslinking density of the cured resin and longer polymer chains
among the crosslinking points. It is known that a polymer network composed of long linear segments is
less stable thermally than that of short chains, so the nanocomposites are easier to degrade than the
pristine epoxy resin. Secondly, silicate layers have good barrier properties to gases such as oxygen
and nitrogen, they can insulate the underlying materials and slow the mass loss rate of decomposition
products. Moreover, exfoliated nanocomposites have better barrier properties and thermal stability
than intercalated ones96. In the case of intercalated nanocomposites (10 mass% clay), the first factor is
dominant, whereas for an exfoliated nanocomposites (2 mass% clay), the second factor is dominant.
Camino et al.97 concluded that thermal oxidation of exfoliated clay-epoxy nanocomposites was slowed
down by the formation of a protective skin created by ablative reassembling of the clay layers. In the
combustion scenario of the cone calorimeter, besides the physical surface protection effectively
provided by exfoliated nanocomposites, also a chemical role of the clay contributed to the fire
retardance mechanism, e.g. in the charring action. An earlier time to ignition is observed for most of
the nanocomposites in comparison to the polymers98. In the majority of the cases, this is caused by
the decomposition of the alkyl ammonium salt used for the modification of the bentonite by the
Hofmann elimination leading to the formation of an easily combustible alkene at temperatures below
the decomposition temperature of the polymer. Additionally, acidic sites are formed on the surface of
the clay particles which can accelerate the decomposition of the polymer. Though the enhanced
barrier properties and chemical role in fire retardance, in most cases, clay nanoparticles alone do not
provide sufficient fire retardant effect, it is necessary to combine them with other, approved flame
retardants.
In this work two different types of clay are used: montmorillonite (MMT) and sepiolite (SEP). MMT
(chemical formula: (Na,Ca)0,3(Al,Mg)2Si4O10(OH)2·n(H2O)) is the most commonly used layered silicate
for the preparation of polymer nanocomposites. The single layers thickness is around 1 nm and the
lateral dimension can vary up to several microns. Its very high aspect ratio (~1000) in a delaminated
structure gives a very extensive filler-matrix contact surface which improves thermal, physical and
mechanical properties with low loading of clay. SEP (chemical formula: Mg4Si6O15(OH)2·6H2O) exhibits
a micro fibrous morphology with a particle length of 2-10µm. Structurally it is formed by an alternation
of blocks and cavities that grow up in fibre direction. Its unique structure induces sorptive, colloidal and
catalytic properties, which find various applications. Its application as flame retardant is not yet
explored extensively99.
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2.4 Conclusions of literature overview
From the two main approaches to achieve flame retardancy the additive one, although still
dominating the market, has many disadvantages, which would facilitate the headway of the
reactive approach, however the available reactive solutions are mostly too complicated and
expensive. Furthermore, although many flame retardants reach the self-extinguishing V-0 UL-94
level, the accomplishment of the more strict requirements of electronic industry is very rare. As for
the mode of action of phosphorus-containing additives, there are still many questions concerning
the role of the phosphorus in the gas phase and solid phase, which need further investigations.
Although clay additives, especially montmorillonite, are extensively used as synergistic additives
with phosphorous flame retardants, their mode of action is still not clarified in details. The
application of fibrous sepiolite type clays in epoxy resin matrix is an area waiting for further
exploitation. Also, the possible catalytic effect of clay particles on the synthesis of
organophosphorous flame retardants has not yet been investigated.
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3 APPLIED MATERIALS AND METHODS

3.1 Characterization of the applied materials
3.1.1 Materials applied in organic syntheses
The materials, their properties and source are summarized in Table 3.1.
Table 3.1 Materials applied in organic syntheses
name, structure

properties

source

ethanolamine (NH2CH2CH2OH)

MM 61.08; ρ 1.012 g/ml; bp 170°C

Aldrich Chemical Co.

ethylenediamine (NH2CH2CH2NH2)

MM 60.1; ρ 0.899 g/ml; bp 118°C

Aldrich Chemical Co.

phosphorus oxychloride (POCl3)

MM 153.3; ρ 1.645 g/ml; bp 105.8°C

Aldrich Chemical Co.

triethyl phosphate ((C2H5O)3PO)

MM 182.2; ρ 1.071 g/ml; bp 215°C

NORCO Hungária Kft.

diethyl chlorophosphate

MM 172.55; ρ 1.194 g/ml; bp 60°C

Aldrich Chemical Co.

MM 200.23; mp 119-120°C

Aldrich Chemical Co.

o-phenylenediamine (C6H8N2)

MM 108.14; mp 98-102°C

Aldrich Chemical Co.

hydroquinone (C6H4-1,4-(OH)2)

MM 110.11; mp 172-175°C

Aldrich Chemical Co.

phloroglucinol (C6H3-1,3,5- (OH)3)

MM 126.11; mp 215-220°C

Aldrich Chemical Co.

resorcinol (C6H4-1,3-(OH)2)

MM 110.11; mp 109-112 °C

Aldrich Chemical Co.

triethylamine ((C2H5)3N)

MM 101.19; ρ 0.726 g/ml; bp 88.8°C

Aldrich Chemical Co.

sodium ethoxide (NaOEt)

MM 68.05, bp 260°C

Aldrich Chemical Co.

acetaldehyde (CH3CHO)

MM 44.05, ρ 0.785 g/ml; bp 21°C

Aldrich Chemical Co.

((C2H5O)2P(O)Cl)
monobenzyl hydroquinone
(C6H5CH2OC6H4OH)

All applied solvents were reagent grade.

3.1.2 Polymer components
Polymer matrix was ER type Eporezit AH-16 (Scheme 3.1) (non-modified, resin like reactive dilutant,
epoxy equivalent: 160–175; viscosity at 25°C: 800–1800 mPa.s; density at 25°C: 1.24 g/ml;
hydrolysable chlorine content: 1.5 mass%) applied with Eporezit T-58 curing agent (Scheme 3.2)
(amine number: 460–480 mg KOH/g; viscosity at 20°C: 100–200 mPa.s; density at 20°C: 0.944 g/ml;
curing time: 2 days at 25 °C) supplied by P+M Polimer Kémia Kft., Hungary.
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Scheme 3.1 Main component of Eporezit AH-16

H3C
N2H

CH3
H

CH2

H

NH2

Scheme 3.2 Main component of Eporezit T-58

3.1.3 Clay additives
Unmodified Na montmorillonite (product of Microtec, Eurotrade) and Bentone SD-1 (bentonite based
organoclay product of Rheox Inc.) type montmorillonite (MMT); Pangel S9 (untreated) and Pangel B40
(organomodified) sepiolites (SEP) (products of Tolsa Ltd) were applied as clay additives. MMT surface
treated with Fe ions was synthesized according to literature92.

3.2 Characterization of the applied methods
3.2.1 Structure determination of organic compounds
Mass spectroscopic measurements applying fast atom bombardment ionization technique (MS FAB)
were performed on ZAB-2SEQ spectrometer.
Mass spectroscopic measurements applying matrix assisted laser desorption/ionization technique
(MALDI TOF) measurements were taken on Bruker BiFlex III MALDI-TOF apparatus and evaluated
with XMASS 5.0 software.
The
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P NMR spectra were taken on a Bruker DRX-500 spectrometer operating at 202.4 MHz.

Chemical shifts are downfield relative to 85% H3PO4.
The infrared (IR) spectroscopic measurements were made on Bruker Tensor 37 type FTIR
apparatus, using NaCl-window, resolution: 4cm-1, detector: DTGS.
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3.2.2 Characterization of the synthesized compounds, preparation
and characterization of composites
Amine number of the curing agents was determined by titration according to ASTM D2074-92(1998).
Thermogravimetric (TG) measurements were performed using Setaram Labsys equipment, sample
weight: ~10 mg, heating rate: 10 °C/min, in nitrogen atmosphere, temperature range: 25-600°C.
Differential scanning calorimetry (DSC) was used characterize the flame retardant compounds and
to monitor the curing process and the thermal degradation of the thermosetting matrix. The DSC
measurements were carried out using Setaram DSC 92 apparatus, sample weight: ~10 mg, in
nitrogen atmosphere, the temperature program consisted of a 1 min isotherm part at 30°C and a
subsequent linear part with a heating rate of 10°C/min° from room temperature to 500°C. In case of
determination of enthalpy of curing the measurements were carried out immediately after mixing the
appropriate components.
Preparation of epoxy resin samples: the epoxy and amine components were mixed at room
temperature in a glass beaker in order to obtain a homogenous mixture. The clay particles were added
to the epoxy component and stirred 1h with magnetic stirrer at 80°C in order to obtain a good
dispersion. A silicone mould of 120 mm long, 15 mm wide and 3 mm thick was used for preparing the
cured samples. This way ER samples containing 1, 2 and 5 mass% MMT and SEP were prepared,
respectively.
The fire resistance was characterized by limiting oxygen index measurement (LOI, according to
ASTMD 2863), UL-94 test (according to ASTM 1356-90 and ANSI//ASTM D-635/77, respectively),
Mass Loss Calorimeter (according to ISO 13927, Fire Testing Technology, heat flux of 50 kW/m2),
and Glow Wire Flammability Index test (GWFI, PTL DR. GRABENHORST, D-8652 Stadtsteinach,
T03.34 type apparatus, according to IEC 60695-2-12).
LOI measurements were done using OXINDEX apparatus built by MÜKI. LOI value represents the
minimum concentration of oxygen (expressed as percent by volume) in a mixture of oxygen and
nitrogen that will support flaming combustion of a material that is initially at room temperature. A higher
value indicates a less flammable material.
UL-94 test determines the material’s tendency either to extinguish or to spread the flame once the
specimen has been ignited. Specimens are oriented in either a horizontal or vertical position,
depending on the specifications of the relevant test method, and are subjected to a defined flame
ignition source for a specified period of time. From lowest (least flame retardant) to highest (most
flame retardant), the classifications are:
HB: slow burning on a horizontal specimen; burning rate <76 mm/min for thickness <3 mm.
The three vertical ratings, V2, V1 and V0 indicate that the material was tested in a vertical position and
self-extinguished within a specified time after the ignition source was removed:
V2: burning stops within 30 seconds on a vertical specimen; drips of flaming particles are allowed.
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V1: burning stops within 30 seconds on a vertical specimen; no drips allowed.
V0: burning stops within 10 seconds on a vertical specimen; no drips allowed.
The mass loss calorimeter (MLC) measures mass loss rate, time to ignition and heat release rate
during the burning of material or product specimens. At the core of the instrument is a radiant electrical
heater in the shape of a truncated cone. This heating element irradiates a flat horizontal sample, 100
mm x 100 mm and up to 50 mm thick, placed beneath it, at a preset heating flux of up to 100 kW/m2
(in our case 50 kW/m2.). The sample is placed on a load cell for continuous monitoring of its mass as it
burns. Ignition can be optionally forced by an intermittent spark igniter located above the sample.
The mass loss calorimeter was coupled with the FTIR IR spectrometer (MLC-IR) in order to detect the
evolved gases according to the following scheme (Figure 3.1).

Figure 3.1 Mass loss calorimeter coupled with FTIR IR spectrometer
The evolved gases were analyzed by the FTIR spectrometer in the range of 650-4000 cm-1. The glass
sampling tube was positioned in the centre of the chimney of the mass loss calorimeter and 5 cm
below the edge of the chimney. The diameter of the sampling tube was determined so that the
quantity of the measured gases and so the absorbance values stay in the optimal region. The glasswool filled filter introduced into the system prevents the formed soot to reach the gas cell. As the gas
cell contains a NaCl window, which is sensitive to water, the evolved aqueous vapour was condensed
in a trap cooled by the mixture of water and ice. Although the condensed water can dissolve some of
the evolved gases (e.g. HCl), according to the experience after reaching the saturation equilibrium the
gases are able to pass the trap; so it means only some delay in the detection of the gases in case
water is formed at the same time. The acidic or basic character of the condensed liquid was estimated
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by pH test paper. In the followings the gases enter the gas cell through a stub in parallel flow with the
IR beams, which enter the gas cell at the bigger window and leave it at the smaller one. At the end of
the instrument there is a water-junction pump providing a constant flow controlled by a revolving
flowmeter (rotameter).
The glow wire flammability index (GWFI) test is used to simulate the effect of heat as may arise in
malfunctioning electrical equipment, such as with overloaded or glowing components. Test results
provide a way of comparing the ability of materials to extinguish flames and their ability to not produce
particles capable of spreading fire. The glow wire is heated via electrical resistance to a specified
elevated temperature. A test specimen is held for 30 seconds against the tip of the glow wire with a
force of 1 N. After the glow wire is removed, the time for the flames to extinguish is noted along with
details of any burning drops. Cotton is placed beneath the specimen during the test to determine the
effects of burning drops. The glow wire flammability index is the highest temperature which satisfies
one of the following conditions in three successive tests:
- there is no flame and no glowing (no ignition) or
- burning or glowing time is less than 30 seconds after removal of the glow wire and the cotton does
not ignite.
Glow wire temperatures: 550, 600, 650, 700, 750, 800, 850, 900, 960°C
GWFI 650°C: for electronic appliances which cannot be left without attendance during use,
GWFI 750°C: the device can be left without attendance,
GWFI 850°C: even current may flow on the flame retarded part,
GWFI 960°C: can be used in electrical and electronic equipment for unattended use continuously
loaded, or equipment to be used near the central supply point of a building; both in parts in contact
with, or retaining in position current-carrying parts and in enclosures and covers not retaining currentcarrying parts in position. Suitable for all kind of electronic application.
The thermal treatment of the cured epoxy resin samples was done in the furnace of TA Instruments
AR2000 type rheometer. The temperature program consisted of a linear part with a heating rate of
10°C/min from room temperature to the appropriate temperature (in temperature range of 200 to
400°C) and a subsequent 10 min isotherm part at the final temperature.
The attenuated total reflection infrared (ATR-IR) spectroscopic measurement of the epoxy resin
samples after thermal treatment was done on Labram type ATR-IR apparatus (Jobin Yvon, France).
The IR spectra were processed using software LabSpec 4.02.
The gases evolved during thermal degradation of epoxy resin were analysed using coupled
techniques:
TG/DTA-MS: TA Instruments SDT 2960 apparatus was coupled with Balzers Instruments Thermostar
GSD 300 T3 type mass spectrometer (detector: Quadrupole CH-TRON, operating methods: SCAN,
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MID). The coupling element was a quartz transfer tube heated to 200°C. The temperature program
consisted of a linear part with a heating rate of 10°C/min from 20°C to 600°C in air.
TG-FTIR: TGA 2050 type thermogravimetric analyzer Bio-Rad Excalibur Series FTS 3000 type FTIR
spectrophotometer with external gas cell heated to 180°C. The temperature program consisted of a
linear part with a heating rate of 10°C/min from 20°C to 600°C in air.
A rheological method for char characterization elaborated by Duquesne et al.100 was developed
further for more detailed mechanical and structural characterization of the char: measurements were
carried out in TA Instruments AR2000 type rheometer, at room temperature, applying 1 Hz frequency
and 0.1% relative elongation and 1000 µm gap. 1 g of the epoxy resin samples was cured in the lower
plate of the rheometer at room temperature. Then the plates of the rheometer were opened to the
maximum distance, then the sample of given amount in the lower plate was heated up to 450°C. Due
to the heat effect char formation occurred. Then the upper plate was moved to the lower with constant
speed (30µm/s) and the normal force transduced by the charred layer was constantly detected and
registered. The lower and upper plates had the same diameter, in order to obtain an average result
characterizing the whole sample surface.
Rheological characterization of the epoxy resin components was done on TA Instruments AR2000
type rheometer. The measurements were done with flow procedure applying the following parameters:
parallel plate geometry, upper plate diameter: 40 mm, lower plate: Peltier plate, gap: 1000 µm,
temperature: 25°C; in case of steady state flow step measurements the shear rate ranged from 1-10
1/s in 4 linear steps, while in case of peak hold step measurements for characterizing the curing of
epoxy resins the shear rate had a constant value of 1/s and the measurements lasted 20 min.
Shore A type hardness was determined according to the standard MSZ 13636-73. The Shore
durometer measures the depth of an indentation in the material created by a given force on a
standardized presser foot. The value of the hardness (ranging from 0 to 100, with higher values
indicating a harder material) depends on the depth of the indenter's penetration.
Scanning electron microscopy (SEM) images were taken with JEOL JSM 6380LA instrument, which
consists of a scanning electron microscope coupled with IXRF type energy-dispersive X-ray analyser
(EDX). During the measurement the sign comes from a depth of 1 µm. The samples were fixed on a
metal or plastic chunk with double-sided adhesive tape. The applied accelerating voltage was 20 keV,
the working distance was 20 mm. The non-conductive samples were previously coated with a gold
layer in a device type JEOL 1200 in order to avoid electrostatic charging.
For performing an elemental analysis of the pyrolysis residues x-ray photoelectron spectroscopy
(XPS) analysis was carried out on Kratos XSAM 800 type spectrometer (15 kV, 15 mA) using 1253,6
eV energy characteristic X-ray of Mg Kα1,2 radiation. It was focused on a spot having a diameter of ~2
mm. The general spectra were taken with an energy step of 0.5 eV steps up to 1250 eV, while the
detailed spectra were taken in 0.1 eV steps.
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4.1 Synthesis and characterization of organophosphorous
flame retardants
Our aim was to synthesize phosphorus-containing flame retardants which can be reactively
incorporated into the epoxy resin matrix due to their free hydroxyl or amino groups.

4.1.1 Synthesis of phosphorylated hydroxyphenol type reactive
flame retardants
Related publications: I., II., III., IV.
Although aliphatic alcohols are reactive with epoxies, they are not normally used as curing agents,
whereas polyphenols are becoming more frequently used because they favour a high glass transition
temperature of the cured epoxy resin. Furthermore aromatic groups facilitate the charring process
during thermal degradation leading to far higher flame retardancy of the epoxy resin. Subsequently,
first the phosphorylation of simple model hydroxyphenols, hydroquinone and phloroglucinol were
attempted. Some former papers closely related to these syntheses are referred here.
Dialkyl chlorophosphates and dialkyl phosphates are commonly used reagents for the phosphorylation
of hydroxy groups. Phosphorylation of alcohols by dibenzyl chlorophosphate was reported by Atherton
et al.101. As dibenzyl chlorophosphate is an unstable reagent, it is usually prepared in a separate
reaction shortly before usage by chlorination of dibenzyl phosphite102. In situ generation of dibenzyl
chlorophosphate was first attempted by Atherton and co-workers, who reported that ethanol could be
phosphorylated by a mixture of dibenzyl phosphite, trichlorobromomethane (to give dibenzyl
bromophosphate in situ) and a tertiary amine base103. Steinberg104, following Atheron’s lead, reported
the reaction of other dialkyl phosphites with aliphatic alcohols in the presence of triethylamine in
carbon tetrachloride to give trialkylphosphates in moderate yield. Kenner and Williams105 used this
same system for the phosphorylation of phenols with diethyl phosphite. The reactions took overnight at
room temperature and gave excellent yields in the 78-98% range. Other variations, including twophase systems, have been reported by Zwierzak106, Purnanand107 and Corcoran108. Widlanski and
Stowell109

recently

reported

near

quantitative

yields

using

trialkylphosphites,

including

tribenzylphosphite and iodine to synthesize phosphorylated alcohols and phenols. Silverberg et al.
investigated a simple, rapid and efficient protocol for the selective phosphorylation of phenols with
dibenzyl

phosphite,

carbon

tetrachloride,

N,N-diisopropylethylamine

and

catalytic

N,N-

dimethylaminopyridine in acetonitrile at -10°C. In cases were there was a competing aliphatic alcohol,
high chemoselectivity towards the phenol was observed, but no selectivity was observed in case of
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hydroquinone, where there are two competing phenolic hydroxy groups. Generally, monoacylation,
including monophosphorylation, monophosphonylation and monophosphinylation of dihydroxy
compounds can be carried out efficiently only if the two hydroxy groups have different chemical
natures, one of them being spatially open and the other being shielded110. According to the literature,
the acetylation of hydroquinone by acetyl chloride or acetic anhydride gives a mixture of mono- and
diacetylated products111,112. The use of acetic anhydride in acetic acid afforded, however, 4acetoxyphenol in 65% yield113. Phosphorus triamides were found to be suitable reagents to achieve a
predominant monoacylation of dihydric phenols114. The phosphorylation of hydroxyphenols utilizing
low-coordinate phosphorus fragments115 did not seem to be a practical synthesis in this particular case
of monophosphorylation of polyhydroxyphenols. We wished to obtain monophosphorylated
hydroquinone and phloroglucinol using diethyl chlorophosphate or diphenyl phosphinylchloride; more
stable reagents, than the above mentioned dibenzylchlorophosphate; by optimizing the reaction
conditions. The results of the phosphorylation of hydroquinone and phloroglucinol using diethyl
chlorophosphate will be discussed here in details.

4.1.1.1

Phosphorylation

of

hydroquinone

by

diethyl

chlorophosphate using direct method
At first the phosphorylation of hydroquinone (HQ) by diethyl chlorophosphate (DECP) under different
conditions was studied (Scheme 4.1, Table 4.1). When the phosphorylations in boiling ether or in
acetonitrile were carried out in the presence of one equivalent of triethylamine (TEA), the proportion of
the monophosphate (HMP) and the diphosphate (HDP) was found to be comparable according to

31

P

NMR analysis of the crude mixtures (ca 41 vs. ca 45%, respectively). Formation of the tetraethyl
pyrophosphate as a side product was inevitable (Table 4.1, entries 1 and 2). The best results were
achieved

by

performing

the

phosphorylation

in

boiling

acetone;

the

selectivity

of

the

monophosphorylation was found to be 0.79. Obviously, due to the unremovable traces of the water,
28% of the pyrophosphate (PY) was formed (entry 3). No phosphorylation took place in the absence of
triethylamine. The phase transfer catalytic method was proved not to be suitable, as the liquid–liquid
two-phase

reaction

mixture

containing

aqueous

sodium

hydroxide

led

predominantly

to

diphosphorylation (entry 4).
The crude product obtained by using acetone as the solvent (entry 3) was refined by column
chromatography. The first fraction was practically clean diphosphate, while the second one contained
monophosphate in a purity of 86% and in 31% yield. The products were identified by

31

P- and

13

C

NMR spectra, as well as mass spectroscopy including GC-MS for HMP. HMP was also characterized
by high resolution MS. The δP shift of the 4-hydroxyphenyl diethyl phosphate was comparable with that
of the corresponding phenyl derivative (–5.6 vs. –6.8106). It is worth mentioning that HDP is a valuable
starting material in the synthesis of 1,4-disubstituted benzenes by a cross-coupling approach116.
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O

O

OP(OEt)2

OH
(EtO)2P(O)Cl

OP(OEt)2
+
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OP(OEt)2
O

HQ

HMP

HDP

Scheme 4.1 Phosphorylation of hydroquinone by diethyl chlorophosphate using direct method
Table 4.1 Phosphorylation of hydroquinone by diethyl chlorophosphate under different
conditions
entry

nDECP/

solvent

base

product compositiona

reaction

nHQ

HMP/
(HMP+HDP)

temp.

time

[°C]

[h]

HMP

HDP

b

PY

[mol%]

c

1.0

ether

TEA

35

4.5

38

49

13

0.44

c

1.0

acetonitrile

TEA

82

3

44

41

15

0.52

c

1.0

acetone

TEA

56

4.5

57

15

28

0.79

d

1.1

dichloromethane NaOH/H2O 26

4.5

3

62

35

0.05

1.
2.
3.
4.

TEBAC
Abbreviations: molar ratio of DECP and HQ (nDECP/nHQ), selectivity of the phosphorylation
HMP/(HMP+HDP)
a

Determined on the basis of relative 31P NMR intensities.

b 31

P NMR: δP (CDCl3) −12.9, δP literature, 117 −13.0.

c
d

The crude mixture obtained from the experiment marked by entry 3 in Table 4.1 was refined.
1.32 ml DECP was added dropwise to the stirred mixture of 1.0 g of HQ and 0.62 g of TEBAC

(benzyl-triethyl ammonium chloride) in 60 ml of CH2Cl2 and 3.6 g NaOH in 10 ml of water.

Concerning the reaction details, to 0.5 g (4.55 mmol) of hydroquinone and 0.63 ml (4.55 mmol) of
triethylamine in 35 ml of the solvent (Table 4.1) was added 0.68 ml (4.71 mmol) of diethyl
chlorophosphate, and the mixture was stirred at the boiling point for the time shown in Table 4.1. The
solvent was evaporated and the residue taken up in a mixture of 20 ml of chloroform and 2 ml of
water. The organic phase was dried (Na2SO4) and the solvent evaporated. The crude mixture was
analyzed by 31P NMR spectroscopy (Table 4.1).
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The crude mixture from the experiment marked by entry 3 was subjected to column chromatography
(silica gel, 3% methanol in chloroform) to give 0.14 g (11%) of product HMP in a purity of 86% and
0.45 g (26%) of product HDP in a pure form.
HMP:

31

P NMR (CDCl3) δ –5.6;

13

C NMR (CDCl3) δ 15.6 (J = 8.3, CH3CH2), 64.2 (J = 6.0, CH3CH2),

120.2 (C3), 120.7 (J = 4.1, C2), 142.7 (C4), 147.2 (J = 6.6, C1); GC-MS, m/z (rel. int.) 246 (M+, 47), 231
(M–15, 4), 218 (M–28, 23), 190 (218–28, 38), 137 ((EtO)2P(O), 2), 110 (M–(EtO)2P(O)+H, 100), 109
(M–(EtO)2P(O), 28); HR-MS, M+found = 246.0602, C10H15O5P requires 246.0657.
HDP:

31

P NMR (CDCl3) δ –5.94;

120.9

(J

=

4.6,

13

C2), 147.3

C NMR (CDCl3) δ 15.8 (J = 6.6, CH3CH2), 64.5 (J = 6.1, CH3CH2),
(J

=

6.6,

C1);

MS,

m/z

(rel.

int.)

382

(M+,

52),

367

(M–15, 2), 354 (M–28, 17), 326 (354–28, 12), 297 (326–29, 16), 246 (M–(EtO)2P(O)+H, 45), 228
(245–17, 27), 200 (245–45, 63), 110 (246–(EtO)2P(O)+H, 68), 109 (246–(EtO)2P(O), 100).

4.1.1.2

Phosphorylation

of

hydroquinone

by

diethyl

chlorophosphate using protective group technique
In order to achieve higher selectivity in case of hydroquinone we applied the technique of the
protective groups: we used commercially available monobenzyl hydroquinone (BHQ) as starting
material, and after carrying out the phosphorylation as above (4.1.1.1), we removed the protective
benzyl group by catalytic hydrogenation (Scheme 4.2). This way we managed to get the
monophosphorylated hydroquinone (HMP) in high purity with a yield above 75%.

O

O

OP(OEt)2

OH
(EtO)2P(O)Cl

OP(OEt)2
H2
Pd / C

OBn

OBn

BHQ

BHMP

OH

HMP

Scheme 4.2 Use of protective groups to synthesize monophosphorylated hydroquinone
To 0.5 g (2.50 mmol) of monobenzyl hydroquinone (BHQ) and 0.35 ml (2.50 mmol) of triethylamine in
35 ml of acetonitrile was added 0.36 ml (2.50 mmol) of diethyl chlorophosphate, and the mixture was
stirred at the boiling point for 5 hours. The solvent was evaporated and the residue taken up in a
mixture of 25 ml of chloroform and 5 ml of water. The organic phase was dried (Na2SO4) and the
solvent evaporated to give the monophosphorylated product (HMP) in 87% yield. The crude mixture
was analyzed by 31P NMR spectroscopy.

40

EXPERIMENTAL RESULTS AND THEIR DISCUSSION
The monophosphorylated product was taken up in 40 ml methanol and the catalytic hydrogenation
was carried out at atmospheric pressure and room temperature using 0.10 g SQ-6 (10% Pd / C) type
catalyst. The consumption of H2 was 42 ml in 20 minutes. After the hydrogenation methanol and the
toluene formed from benzyl groups was evaporated to give HMP in 75% total yield.
BHMP: 31P NMR (CDCl3) -3.87; MS, m/z (rel. int.) 337 (M+, 52).
HMP: 31P NMR (CDCl3) -4.04; MS, m/z (rel. int.) 247 (M+, 44).

4.1.1.3

Phosphorylation

of

phloroglucinol

by

diethyl

chlorophosphate
The phosphorylation of phloroglucinol (PG) with diethyl chlorophosphate at 35–82 °C, in the presence
of triethylamine, afforded a mixture of the mono-, di- and triphosphates (PMP, PDP and PTP,
respectively), no matter what was used as solvent (Scheme 4.3, Table 4.2). No practical separation of
the components could be achieved. Monophosphate could, however, be separated from the
experiment marked by entry 1 in a poor yield. The phosphates were characterized by

31

P NMR

chemical shifts and mass spectroscopical data obtained by MS or by GC-MS.

O
OH

HO

OP(OEt)2

HO

(EtO)2P(O)Cl
NEt3
OH

PG

O

OP(OEt)2 (Et)2PO

HO
+

OH

PMP

O

O

OP(OEt)2

+
OP(OEt)2

OP(OEt)2

O

O

PDP

PTP

Scheme 4.3 Phosphorylation of phloroglucinol by diethyl chlorophosphate
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Table 4.2 Phosphorylation of phloroglucinol by diethyl chlorophosphate in different solvents in
the presence of one equivalent of TEA
entry

solvent

reaction

product compositiona

temp.

time

PMP

[°C]

[h]

[mol%]

PMP/(PMP+PDP+PTP)

PDP

PTP

PY

b

ether

35

5

18

18

47

17

0.22

b

acetonitrile 82

3

25

14

36

25

0.33

b

acetone

4.5

16

12

22

50

0.32

1.
2.
3.

56

Abbreviations: selectivity of the phosphorylation PMP/(PMP+PDP+PTP), pyrophosphate PY
a

Determined on the basis of relative 31P NMR intensities.

b

The crude mixture obtained from the experiment marked by entry 2 was refined.

The reactions were carried out in the same manner as for the phosphorylations of hydroquinone
described previously (4.1.1.1), 0.50 g (3.08 mmol) of phloroglucinol, 0.43 ml (3.08 mmol) of
triethylamine, 0.45 ml (3.08 mmol) of diethyl chlorophosphate and 25 ml of acetone or acetonitrile, or
60 ml of ether being used.
The crude mixture from the experiment marked by entry 1 was characterized after flash column
chromatography (silica gel, 3% methanol in chloroform). A second chromatography afforded
monophosphate in a pure form.
PMP: Yield: 5%;

31

P NMR (CDCl3) δ –6.57;

13

C NMR (CDCl3) δ 16.1 (J = 6.4, CH3CH2), 65.4 (J = 6.2,

CH3CH2), 100.0 (J = 4.8, C2), 100.7 (C4), 151.8 (J = 7.0, C1), 158.3 (C3); MS, m/z (rel. int.) 262 (M+,
34), 247 (M–15, 10), 233 (M–29, 6), 219 (247–28, 29), 205 (233–28, 5), 136 ((EtO)2P(O)–H, 100), 126
(M–(EtO)2P(O)+H, 49), 108 (125–17, 13); HR-FAB, (M+H)+found = 263.0614, C10H16O6P requires
263.0684.
PDP:

31

P NMR (CDCl3) δ –6.45; GC-MS, m/z (rel. int.) 398 (M+, 49), 383 (M–15, 11), 370

(M–28, 10), 355 (383–28, 11), 341 (370–29, 10), 262 (M–(EtO)2P(O)+H, 21), 244 (261–17, 82), 233
(262–29,
HR-FAB,
PTP:

25),

216

(M+H)+found

(261–45,

100),

188

(216–28,

23),

136

((EtO)2P(O)–H,

53);

= 399.0861, C14H25O9P2 requires 399.0974.

31

P NMR (CDCl3) δ –6.64; GC-MS, m/z (rel. int.) 534 (M+, 37), 519 (M–15, 7), 506

(M–28, 9), 491 (519–28, 5), 478 (506–28, 12), 398 (M–(EtO)2P(O)+H, 30), 380 (397–17, 100), 352
(397–45, 51), 324 (352–28, 52), 296 (324–28, 45), 216 (352–(EtO)2P(O)+H, 38), 136 ((EtO)2P(O)–H,
13); HR-FAB, (M+H)+found = 535.1163, C18H34O12P3 requires 535.1263.
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4.1.2 Synthesis and phosphorylation of calixresorcinarenes
Related publication: VII.
The aim of work was to extend the phosphorylation method developed on model hydroxyphenols to
polyhydroxyphenols with higher molecular weight and better compatibility with polymers. When
choosing the appropriate substrate for phosphorylation it should have been also taken into
consideration that even if self-curing occurs (reaction of a secondary alcohol, formed during the
reaction of the glycidyl ether and the curing agent, with the epoxy group) at least difunctional curing
agent is needed for the necessary curing density. Furthermore, the amount of phosphorus to be
introduced by the phosphorylated hydroxyl groups of the curing agent should be as high as possible.
Subsequently

polyhydroxyphenols

with

high

functionality

and

high

molecular

mass,

as

calixresorcinarenes were required as starting material for phosphorylation.
The history of calixresorcinarenes dates back to 1872 when Adolf von Baeyer118 reported in a general
study on the synthesis of phenol-based dyes, that the addition of concentrated sulfuric acid to a
mixture of benzaldehyde and resorcinol gave a red-coloured product that turned violet in alkaline
solution. When the mixture was heated, a crystalline compound was obtained in addition to a reddish
resin. Several years later, Michael119 determined the correct elemental composition of this sparingly
soluble, high melting, crystalline product (C13H10O2) and its acetyl derivative (C13H8(OCOCH3)2)n. From
these data, he concluded that the product is formed by combination of an equal number of
benzaldehyde and resorcinol molecules and loss of an equal number of water molecules. In 1940
Niederl and Vogel120 studied several condensation products obtained from the reaction between
aliphatic aldehydes and resorcinol. From molecular weight determination they concluded that the ratio
between aldehyde and resorcinol in the product should be 4:4. They proposed a cyclic tetrameric
structure (Scheme 4.4) (R1=aliphatic, R2=H) analogous to cyclic tetrameric structures frequently
encountered in nature, e.g. porphyrins. This structure was finally proved in 1968 by Erdtman and coworkers by single crystal X-ray analysis121.
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Scheme 4.4 Cyclic tetrameric structure of calixresorcinarenes

43

TOLDY ANDREA

SYNTHESIS AND APPLICATION OF REACTIVE ORGANOPHOSPHOROUS FLAME RETARDANTS

The official IUPAC name for compound in Scheme 4.4 (R1=aliphatic, R2=H) is 2,8,14,20-tetra[19.3.1.13,7.19,13.115,19]octacosa-1(25),3,5,7(28),9,11,13(27),15,17,19(26),21,23-

alkylpentacyclo

dodecaene-4,6,10,12,16,18,22,24-octol. A suitable trivial name for these compounds was never found.
Gutsche and Böhmer attempted to classify them as calixarenes (Greek, calix, chalice, arene ,
indicating the incorporation of aromatic rings), calling them calix[4]resorcinarenes or resorcinol-derived
calyx[4]arenes122, but totally different names like Högberg123 compounds or simply octols124,125 also
appeared in the literature. Very recently, the name resorcinarenes was suggested126.
Resorcinarenes can be prepared in a reasonable high yield via simple, one step procedures without
using templates or high dilution techniques. Most cases involve the acid catalysed condensation
reaction between resorcinol and aliphatic or aromatic aldehyde123,124 which is generally carried out by
heating the constituents to reflux in a mixture of ethanol and concentrated HCl for several hours,
although for every aldehyde there exist different optimal reaction conditions. Usually, the cyclotetramer
crystallizes from the reaction mixture, but in some cases, water should be added in order to isolate the
product. Throughout the years, a variety of resorcinarenes are synthesized, some of them are listed in
Table 4.3127.
Table 4.3 Synthesis of calixresorcinarenes
R1 in Scheme 4.4

R1 in Scheme 4.4

yield (%)

reference

CH3

H

73; 60

124; 125

CH3(CH2)4

H

77

124

CH3(CH2)10

H

70

128

(CH3)2CHCH2

H

95

124

C6H5(CH2)2

H

69

124

OH(CH2)4

H

80

124

Cl(CH2)5

H

67

124

Whereas calix[4]arenes have been extensively studied and have been used in industrial processes
122 129

,

, many areas of calix[4]resorcinarenes chemistry remain unexplored.

The reactivity of calix[4]resorcinarenes is often limited because of the proximity of the hydroxy groups
to the bowl-shaped calixresorcinarene skeleton. For steric reasons, it is not always possible to
substitute all eight oxygen-bonded hydrogen atoms of the molecule for bulky substituents. In addition,
strong hydrogen bonds further lower the reactivity.
Although many complete and some partial derivatizations of resorcinol units have been described for
calixresorcinarenes
131 132

derivatives

,

125 130

,

; e.g. the tetraphosphorylation and tetrasulfonylation lead to C2v-symmetrical

in reasonable yields, truly regioselective partial conversions are scarce.

Shivanyuk et al.133 reported conditions for the regioselective tetraacylation of calixresorcinarenes that
are applicable to various aroyl and heteroaroyl chlorides as well as benzyl chloroformate.
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The functionalization of C-methylcalix[4]resorcinarene (Scheme 4.4, R1=CH3, R2=H) with phosphoruscontaining groups has been described134 in a few cases, derivatives with diethoxyphosphoryl or with
diphenylphosphino groups were reported by Kalchenko et al.131.
The synthesis of the C-methylcalix[4]resorcinarene was carried out according to the literature124. In the
case of partial and overall phosphorylation of C-methylcalix[4]resorcinarene the literature references
and the experience gained throughout the phosphorylation of model hydroxyphenols were integrated.
The partially phosphorylated derivative was intended to be used as phosphorylated curing agent and
reactive flame retardant in epoxy resins, while the fully phosphorylated hydroxyphenol was considered
as flame retardant additive in epoxy resins and reference for the reactively flame retarded system.

4.1.2.1

Synthesis of C-methylcalix[4]resorcinarene

To a solution of 110 g (1.0 mol) of resorcinol (RC) in 200 ml 95% ethanol were added 200 ml of water
and 100 ml of concentrated hydrochloric acid. The stirred solution was cooled to 15°C, and 44 g (1.0
mol) of acetaldehyde was added dropwise over a 30 min period. The mixture was then stirred at 50°C
for 1 h and then allowed to cool to 25°C. Product started to precipitate after several hours. The mixture
was stirred for 4 days and filtered. The precipitate was washed with water to give the Cmethylcalix[4]resorcinarene (K8OH) in 60% yield (Scheme 4.5).

H
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HO

CH3

H3C

OH

OH

HO

+

4
OH

O
4 CH3 C H

EtOH
H2O
cc HCl

H

H
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H3C

CH3
OH

HO

H

RC

K8OH

Scheme 4.5 Synthesis of C-methylcalix[4]resorcinarene
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Partial phosphorylation of C-methylcalix[4]resorcinarene

To 5.44 g (0.01 mol) of K8OH and 6.97 ml (0.05 mol) of triethylamine in 70 ml THF was added 7.22 ml
(0.05 mol) of diethyl chlorophosphate, and the mixture was stirred at the room temperature for 48
hours (Scheme 4.6). The precipitate was filtered off, washed with water and dried at 100°C for 5 hours
to give the liquid, brown-coloured tetraphosphorylated product, K4P4OH in 72% yield.
K4P4OH: 31P NMR (CDCl3) δ -3.54
H

H

H3C

CH3

H3C

r.t. 48 h
H 5 (EtO)2P(O)Cl
5 NEt3
THF

H
OH

HO

H3C

CH3
OH

HO

CH3
OH

HO

OH

HO

OP

PO

OH

HO

H

H
OH

HO

H3C

CH3
OP

PO

H

H

O
P=

P

OEt

OEt

K8OH

K4P4OH

Scheme 4.6 Partial phosphorylation of C-methylcalix[4]resorcinarene

4.1.2.3

Overall phosphorylation of C-methylcalix[4]resorcinarene

To 5.44 g (0.01 mol) of K8OH and 13.94 ml (0.10 mol) of triethylamine in 75 ml THF was added 14.45
ml (0.10 mol) of diethyl chlorophosphate, and the mixture was stirred at room temperature for 6 hours
(Scheme 4.7). The precipitate was filtered off, the solvent was evaporated from the residual solution
and the residue was taken up in a mixture of 70 ml of chloroform and 35 ml of water. The organic
phase was dried (Na2SO4) and the solvent evaporated to give the liquid, brown-coloured
octaphosphorylated product, K8P in 76% yield. The crude mixture was analyzed by
spectroscopy.
K8P: 31P NMR (CDCl3) δ -11.3
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Scheme 4.7 Overall phosphorylation of C-methylcalix[4]resorcinarene

4.1.3 Synthesis of amine type reactive flame retardants
Related publications: IX., X.
Aliphatic and aromatic diamines are the most widely used curing agents for epoxy resins. Aliphatic
diamines cure epoxies at room temperature, while for aromatic diamines elevated temperatures are
required, but the presence of aromatic groups is promising in respect of flame retardancy.
In the literature several methods are described for the synthesis of phosphorus-containing amines,
they can be categorized into the following main groups:
1. reaction of phosphorous oxychlorides with aminophenols or aminoalcohols, or with nitrophenols
followed by reduction to obtain the amino group135,136,137,
2. reaction phosphorous oxychlorides with amines57,76,
3. transesterification of phosphate esters with aminophenols or aminoalcohols72,
4. nitration of aromatic phosphate esters followed by reduction to obtain the amino group138,
5. reaction of DOPO with reagents containing amine groups135,138.
Most of these synthesis methods mean multistep, complex reaction ways, often applying expensive
and/or halogen-containing reagent, therefore the concept of the work was to develop a simple, costeffective method for the synthesis of both aliphatic and aromatic phosphorylated amines with high
phosphorus-content.
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4.1.3.1Synthesis of P(O)(OCH2CH2NH2)3 (TEAP) from POCl3
As a preliminary experiment the synthesis of P(O)(OCH2CH2NH2)3 from starting material POCl3 was
carried out according to the literature137(Scheme 4.8) in order to estimate its flame retardant effect.

Cl
O

P

Cl

+ 3 HO CH2CH2 NH2

Cl

O

P

O CH2CH2 NH2.HCl
O CH2CH2 NH2.HCl
O CH2CH2 NH2.HCl

3 NaOEt
EtOH

2h
<90°C

O

O

P

P

O CH2CH2 NH2.HCl
O CH2CH2 NH2.HCl
O CH2CH2 NH2.HCl

O CH2CH2 NH2
O CH2CH2 NH2 + 3 NaCl + 3 EtOH
O CH2CH2 NH2
TEAP

Scheme 4.8 Synthesis of TEAP
To 6.03 ml (0.1 mol) of H2NCH2CH2OH 3.11 ml (0.033 mol) of POCl3 was added dropwise with
continuous stirring in 2 hours in a rate that the temperature of the reaction mixture does not exceed
90°C. After 2 hours 20 ml of toluene was added and the mixture was stirred for 1 hour. The toluene
was removed by decantation and a solution of 6.8 g (0.1 mol) NaOEt and 40 ml of 96% EtOH was
added and the mixture was stirred for 3 hours at 60°C. The formed NaCl was filtrated to give the liquid,
yellowish brown product in 90% yield. The product was characterized by

31

P NMR chemical shifts and

mass spectroscopical data obtained from MS FAB.
31

P NMR (CDCl3) δ 2.79

MS, m/z (rel. int.) 228 (M+, 7)
amine number: 497±5 mg KOH/g

4.1.3.2Synthesis of P(O)(NHCH2CH2NH2)3 (TEDAP) from POCl3
From the aspect of flame retardancy it is even more advantageous if there is a NH group bounded to P
instead of an O in the phosphorus-containing product, i.e. an -NH2 endgroup may react with POCl3
instead of an -OH group. Accordingly the reaction of POCl3 with the inexpensive, commercially
available H2NCH2CH2NH2 was examined. The synthesis of P(O)(NHCH2CH2NH2)3 was carried out
analogously to the reaction described above (Scheme 4.9).

Cl
O

P

Cl
Cl
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NH CH2CH2 NH2
NH CH2CH2 NH2 + 3 NaCl + 3 EtOH
NH CH2CH2 NH2
TEDAP

Scheme 4.9 Synthesis of TEDAP
To the solution of 10 ml toluene and 2.67 ml (0.03 mol + 0.01 mol access) of H2NCH2CH2NH2 solution
of 20 ml toluene and 0.93 ml (0.01 mol) of POCl3 was added dropwise with continuous stirring in 30
min in a rate that the temperature of the reaction mixture cooled to 0°C does not exceed 5°C. After
stirring for 2 hours at 60°C the toluene was removed by decantation and a solution of 2.04 g (0.03
mol) NaOEt and 60 ml of 96% EtOH was added and the mixture was stirred for 3 hours at 60°C. The
formed NaCl was filtrated to give the liquid, yellowish brown product in 80% yield. The product was
characterized by

31

P NMR chemical shifts, mass spectroscopical data obtained from MS MALDI-TOF

and FTIR spectra.
31

P NMR (DMSO) δ 6.64

MS, m/z (rel. int.) 225 (M+, 64)
FTIR (cm-1) 672 (P-N-C), 1044 (P-N-C), 1186 (P=O), 3344 (N-H)
amine number: 500±5 mg KOH/g

4.1.3.3Synthesis of P(O)(NHCH2CH2NH2)3 (TEDAP) from P(O)(OEt)3
As TEDAP proved to be an efficient flame retardant and curing agent for epoxy resin according to the
preliminary experiments, the aim was to develop a simpler method possibly suitable for industrial
scale-up. The main obstacle of scale-up was the POCl3: it is an expensive, halogen-containing
reagent, besides it is a very aggressive phosphorylation agent. The reaction of POCl3 and
H2NCH2CH2NH2 is highly exothermic and needs effective cooling even at laboratory scale. As new
phosphorylation agent triethyl phosphate (P(O)(OEt)3) was chosen, which is a cheap, commercially
available reagent, also used as flame retardant agent in polymer chemistry. The transamidation of
P(O)(OEt)3 was carried out according to the Scheme 4.10:
OEt
O

P

OEt + 10 H2N CH2CH2 NH2
OEt

1h
118°C

O

P

NH CH2CH2 NH2
NH CH2CH2 NH2
NH

oligomerization

CH2CH2 NH2

TEDAP
Scheme 4.10 Synthesis of TEDAP from P(O)(OEt)3
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To 36.7 ml (0.55 mol) of H2NCH2CH2NH2 9.3 ml (0.055 mol) of P(O)(OEt)3 was added dropwise and
the mixture was stirred at the boiling point of H2NCH2CH2NH2, at 118°C for 1 hours. Instead of the
necessary 3 equivalents of H2NCH2CH2NH2 10 equivalents were used in order to shift the equilibrium
in the direction of the required trisubstituted product. The excess of H2NCH2CH2NH2 was removed by
vacuum distillation to give the liquid, yellowish brown product in 93% yield. The crude mixture was
analyzed by

31

P NMR chemical shifts, mass spectroscopical data obtained from MS FAB and MALDI-

TOF and FTIR spectra. According to the MALDI-TOF spectra the product mainly contained monomers,
but dimers, trimers and tetramers were also proved.
31

P NMR (DMSO) δ 6.64

MS, m/z (rel. int.) 225 (M+, 64)
FTIR (cm-1) 740 (P-N-C), 950 (P-N-C), 1216 (P=O), 3354 (N-H)
amine number: 500±5 mg KOH/g

4.1.3.4 Synthesis of P(O)(NHC6H4NH2)3 (TOPDAP) from P(O)(OEt)3
The transamidation reaction was also carried out with an aromatic diamine, o-phenylenediamine
according to the Scheme 4.11:
H2N
NH2

OEt
O

P

OEt +

NH2

NH
NH2

3

OEt

toluene
110°C / 2h

O

P

NH

NH
H2N

TOPDAP
Scheme 4.11 Synthesis of TOPDAP
To the solution of 70 ml toluene and 7.136 g (0.066 mol) of H2NC4H4NH2 3.72 ml (0.022 mol) of
P(O)(OEt)3 was added and the mixture was stirred at the boiling point of toluene, at 110°C for 2 hours.
The solvent was removed by vacuum distillation to give the solid, dark violet product in 90% yield. The
crude mixture was analyzed by 31P NMR chemical shifts, mass spectroscopical data obtained from MS
FAB and FTIR spectra.
31

P NMR (CDCl3) δ -0.85

MS, m/z (rel. int.) 307 (M+, 6) (disubstituted product)
FTIR (cm-1) 748 (P-N-C), 927 (P-N-C), 1273 (P=O), 3363 (N-H)
amine number: 307±5 mg KOH/g
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4.1.4 Conclusions on the synthesis of phosphorus-containing flame
retardants
According to preliminary LOI and UL-94 measurements (Table 4.4), from the synthesized
organophosphorous compounds TEDAP seemed to be the most suitable as flame retardant: it
increased the LOI of the AH-16 – T-58 epoxy resin from 21 to 33, and the UL-94 value from “no rate”
to V-0. The efficiency of flame retardancy is also in strong correlation with the crosslink density: in
case of the hydroxyphenol type flame retardants it could be concluded that they are not suitable for
replacing the curing agent, the best results were achieved using the fully phosphorylated
calixresorcinarene, K8P as additive type of flame retardant. Concerning the amine type flame
retardants, although the aromatic amine, TOPDAP seemed to be a more promising flame retardant
because of the presence of aromatic groups in the molecule, due to its lower phosphorus-content it
has a moderate flame retardant effect. In addition the application of TOPDAP resulted in blackcoloured epoxy resin samples, not suitable for all kind of application. Furthermore, the synthesis of
TEDAP starting out from P(O)(OEt)3 is also more convenient than the synthesis other flame
retardants. Considering all these arguments, in the followings the optimization and scale-up of the
synthesis of TEDAP (5.1 below) and its application as flame retardant will be only discussed; detailed
results on the application of other synthesized organophosphorous compounds can be found in the
related articles (I., II., III., VII., IX., X.).
Table 4.4 LOI and UL-94 results of the AH-16 – T-58 epoxy resin system flame retarded by the
synthesized organophosphorous compounds
flame retardant

P-content in

P-content of

maximum of

the molecule

the epoxy resin

LOI (%)

(mass%)

(mass%)

reference

-

-

HMP

12.6
11.8

PMP

UL-94

21

no rate

1.3a

27

HB

1.2

a

27

HB

a

26

HB

K4P4OH

11.4

2.5

b

K8P

15.2

2.5

28

HB

TEAP

13.7

3.5

28

HB

TEDAP

13.2

3.5

33

V-0

TOPDAP

8.4

3.0

30

V-0

a

no further increase of P-content was possible, because of the parallel decrease in crosslink density

b

served only as reference additive type flame retardant
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4.2 Characterization of TEDAP and prediction of its flame
retardant effect
The potential applicability of the synthesized compound as flame retardant was predicted by thermal
analytical characterisation. The TG measurements served to determine the mass loss of the sample in
the function of temperature, and as well the temperature ranges where the mass loss was the most
intensive. The DSC measurements provided information about the exothermic or endothermic heat
effects occurring during the thermal degradation of the flame retardant and the temperature ranges
where these changes take place.

4.2.1 Thermal characterization of TEDAP by TG
According to the TG measurement carried out in the temperature range of 25-600°C (Figure 4.1) it
can be determined, that in case of TEDAP the mass loss occurred gradually: in the first range until
210°C the mass variation was -20.9%, probably due to the evaporation of components having lower
molecular mass, the main mass variation of -32.0% took place in the range of 210-275°C, followed by
a consequent step of -16.6%.The total mass variation was -69.5%, meaning also an outstandingly
high residual mass of 30.5%, which predicts the possible application as flame retardant.
Figure:
LABSYS TG

Crucible: Al2O3 100 µl

Experiment: TA A5 TEDAP TG

30-04-2004 Procedure: isoterm+lineáris felfûtés 10 K\perc (Zone 1)

Atmosphere:N2
Mass (mg): 10.9
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Figure 4.1 TG and dTG results of TEDAP
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4.2.2 Thermal characterization of TEDAP by DSC
During the DSC measurement the heat flow (mW) was determined in the function of temperature (°C).
According to the results (Figure 4.2), it can be concluded that in case of TEDAP two endothermic
processes occur in the temperature range of 40-210°C and 240-280°C. The first is supposedly due to
the enthalpy change of melting and evaporation of components having lower molecular mass, while
the latter due to thermal degradation of TEDAP. The endothermic characteristics of these processes
are advantageous in regard to flame retardant effect.
Figure:

Experiment: TA A5 TEDAP

Crucible: Al 30 µl

23-03-2004 Procedure: DSC prog. 10K/min (izo+lin.) (Zone 1)

DSC 92

Atmosphere:N2
Mass (mg): 9.8

HeatFlow/mW
Exo
12

10

peak :262.6 °C
onset point :240.6 °C
enthalpy /J/g : 161.9
(endothermic effect)

8

6

peak :126.4 °C
onset point :39.6 °C
enthalpy /J/g : 183.8
(endothermic effect)

4

2

0

-2

-4

Furnace temperature /°C
50

100

150

200

250

300

Figure 4.2 DSC results of TEDAP

4.3 Incorporation of reactive phosphorous amine into
epoxy resin and evaluation of flame retardant effect
Related publications: IX., X.
In order to investigate the applicability of the new reactive phosphorous amine, several studies were
done: the effect of TEDAP on the curing was monitored by DSC, the fire retardancy evaluated by
standard methods, as LOI, UL-94, HRR and mass loss measurements.
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4.3.1 Effect of TEDAP on the curing process determined by DSC
The curing of the AH-16 – TEDAP sample starts at a temperature 20°C lower than in case of the AH16 – T-58 reference sample (Figure 4.3), which means that the curing process starts earlier. Although
the shape of the crosslinking enthalpy curves is slightly different, the enthalpy values are close to each
other, what refers to similarly good mechanical properties in case of the flame retarded sample as for
the reference epoxy resin.
Figure:

Experiment: AH16 TEDAP 500°C

19-04-2006 Procedure:

DSC 92

Heat Flow/mW

Peak: 100.6°C
Onset point: 61,5°C
Enthalpy: -309,7 J/g
(Exothermic effect)

1.7
1.5

Atmosphere:N2
Mass (mg): 11.3

AH-16 100% TEDAP

Exo

Crucible: Al 100 µl

(Zone 1)

AH-16 T-58 reference
Peak: 121.9°C
Onset point: 79.6°C
Enthalpy: -315.6 J/g
(Exothermic effect)

1.3
1.1
0.9
0.7
0.5
0.3
0.1
-0.1
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50
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Furnace temperature /°C

Figure 4.3 Curing process of AH-16 – T-58 reference and AH-16 – TEDAP flame retarded epoxy
resin systems monitored by DSC

4.3.2 Effect of TEDAP on the thermal degradation of the epoxy resin
According to the results of the thermogravimetric measurements (Figure 4.4) it can be determined that
the thermal degradation of the flame retarded system begins at lower temperature than in case of the
reference sample – in AH-16–TEDAP system -10% mass variation is reached at 254°C, while in AH16–T-58 system at 295°C. In the flame retarded system the degradation is an elongated process,
contrarily to very fast starting rate of decomposition in case of the reference sample. The residual
mass of the flame retarded sample at 500°C in nitrogen atmosphere is 31.5%, ~10% higher than in
case of the reference sample, which is advantageous for flame retardancy.
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Figure 4.4 TG and dTG curves of the AH-16–T-58 reference and AH-16–TEDAP flame retarded
epoxy resin system

4.3.3 Evaluation of flame retardant effect of TEDAP
In order to investigate the flame retardant effect of TEDAP, T-58 curing agent was replaced by TEDAP
in 20, 40, 60, 80 and finally in 100 mass%. The appropriate amount of TEDAP to replace T-58 was
calculated according to its amine number in order to reach the same level of curing. The fire
retardancy of these samples was evaluated by LOI, UL-94, HRR and mass loss measurements.

4.3.3.1LOI and UL-94
Increasing the proportion of TEDAP and so the P concentration in the system, a clear increase of the
flame retardancy can be seen (Table 4.5). To achieve the V-0 UL-94 classification 60 mass% of the
original crosslinking agent T-58 was replaced by TEDAP. Best results – LOI of 33 and V-0 UL-94
classification – were reached when the original amine was completely replaced by TEDAP, which
provides 3.5 mass% of P in the epoxy resin.
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Table 4.5 LOI and UL-94 values in the function of TEDAP proportion in case of AH-16 T-58
samples
sample

P-content

LOI

UL-94

(mass% )

(%)

AH-16 T58 reference

-

21

no rate

AH-16 T58 20% TEDAP

0.7

26

HB

AH-16 T58 40% TEDAP

1.4

29

HB

AH-16 T58 60% TEDAP

2.1

29

V-0

AH-16 T58 80% TEDAP

2.8

29

V-0

AH-16 100% TEDAP

3.5

33

V-0

4.3.3.2Mass loss rate and heat release rate measurements
The flame retardancy was also investigated by mass loss and heat release rate (HRR) measurements.
The HRR of AH-16 T-58 TEDAP series in the function of TEDAP proportion can be seen in Figure 4.5.
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800
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0
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Figure 4.5 Heat release rate in the function of TEDAP proportion in case of AH-16 T-58 samples
According to the HRR results it can be determined that by increasing the proportion of TEDAP and so
the phosphorus content, the peak value of HRR is decreasing which shows a good correlation with
LOI and UL-94I results. The biggest decrease in peak HRR was observed when the original amine
was completely replaced by TEDAP: the peak HRR was reduced to approximately its tenth value. Also
a significant shift in time was observed, which increases the time to escape in case of fire.

56

EXPERIMENTAL RESULTS AND THEIR DISCUSSION

4.4 Incorporation of clay additives into epoxy resin and
evaluation of flame retardant effect
Related publications: IX., X.
Our aim was to study the effect of clay minerals on the flammability of epoxy resin alone and by
combining them with organophosphorous amine. The extent of exfoliation/intercalation of the clay
particles was not studied, the samples were prepared according to the conventional method described
in the experimental part (3.2.2 above); the emphasis was given on the mode of action and effect of
clay particles on flame retardancy.

4.4.1 Effect of clay additives on the curing process determined by
DSC
The effect of clay additives on the crosslinking was determined by DSC measurements. 1, 2 and 5
mass% of untreated and organomodified MMT and SEP type clay particles were applied (Table 4.6).
Table 4.6 Effect of 1, 2 and 5% untreated and organomodified clay particles on the crosslinking
process of the AH-16 – T-58 epoxy resin determined by DSC
T0

Tpeak

Hcrosslinking

(°C)

(°C)

(J/g)

AH-16 T-58

79.6

121.9

-315.6

AH-16 T-58 1% Na untreated MMT

78.5

121.4

-324.4

AH-16 T-58 2% Na untreated MMT

80.5

122.0

-313.9

AH-16 T-58 5% Na untreated MMT

81.9

122.3

-296.9

AH-16 T-58 1% Bentone SD-1 organomodified MMT

83.0

123.3

-306.3

AH-16 T-58 2% Bentone SD-1 organomodified MMT

80.4

122.6

-315.5

AH-16 T-58 5% Bentone SD-1organomodified MMT

80.5

123.1

-323.1

AH-16 T-58 1% Pangel S9 untreated SEP

79.0

120.4

-287.4

AH-16 T-58 2% Pangel S9 untreated SEP

79.9

121.3

-287.2

AH-16 T-58 5% Pangel S9 untreated SEP

80.3

118.2

-281.7

AH-16 T-58 1% Pangel B40 organomodified SEP

80.1

122.3

-315.2

AH-16 T-58 2% Pangel B40 organomodified SEP

80.3

123.2

-329.0

AH-16 T-58 5% Pangel B40 organomodified SEP

79.2

121.3

-326.2

sample

The starting temperature of the crosslinking was slightly shifted towards higher temperatures. The
values of crosslinking enthalpy fluctuate around the value of the reference sample in the range of
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-10% – +5%, in case of untreated clay particle by increasing the amount of the clay the crosslinking
enthalpy shows rather a decreasing tendency, which may be due to the adsorption of the crosslinking
agent on the surface of the unmodified clay surface. In case of the organomodified clay particles, this
effect is not noteworthy and consequently no decrease in crosslinking enthalpy occurred, even some
increase could be measured. To put it concisely, the application of up to 5% clay particles does not
modify significantly the crosslinking process; therefore similarly good mechanical properties can be
expected as in case of the reference sample.

4.4.2 Effect of clay additives on the thermal degradation of the
epoxy resin
The effect of unmodified and organomodified MMT and SEP additives on the thermal degradation of
the reference epoxy resin was determined by thermogravimetric measurements. As no significant
difference was detected between the effects of the different clay particles, here only the most
demonstrative results, the results of the unmodified SEP are going to be discussed (Table 4.7).
Table 4.7 TG and dTG results of the AH-16–T-58 reference epoxy resin system containing 1, 2
and 5% untreated SEP
matrix

AH-16 – T-58

additive

-

1% Pangel S9

2% Pangel S9

5% Pangel S9

reference

unmodified SEP

unmodified SEP

unmodified SEP

295

286

290

290

22.5

23.0

23.0

25.5

22.5

22.0

21.0

20.5

dTGmax (%/min)

-23.1

-15.1

-10.6

-10.1

dTGmax (°C)

295

285

313

315

temperature (°C)
at 10% mass loss
residual mass (%)
at 500°C
absolute residual
massa (%) at 500°C

a

the mass of the inert filler was deducted from the residual mass

According to the results it can be concluded that increase in residual mass is in fact due to the added
inert filler, as it demonstrates the absolute residual mass. The untreated SEP decreases the
temperature where 10% mass loss occurs, which means that the polymer begins to degrade at lower
temperature. On the other hand, increasing the amount of clay particles the maximal rate of mass loss
is gradually decreasing and in case of 2 and 5% additive the temperature where the rate of mass loss
is maximal also increases significantly. This means that although the applied clay particles catalyze
the beginning of the degradation, they decrease the mass loss rate and shift to higher temperatures
the degradation process of the reference epoxy resin.
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4.4.3 Evaluation of flame retardant effect of the clay additives
Although clay particles alone are not sufficient for appropriate flame retardancy, first it was necessary
to determine their effect alone, in order to be able to prove the possible synergism between the clay
particles and phosphorous flame retardants.

4.4.3.1LOI and UL-94
According to the LOI results (Table 4.8) it can be concluded that the clay additives improved the LOI
of the reference AH-16 – T-58 epoxy resin and by increasing their quantity, the LOI slightly increased.
Both in case of MMT and SEP the untreated clays had more significant effect on the flame retardancy.
The best result was achieved using 5% untreated SEP, probably because it results in a percolating
protecting structure on the surface.
Table 4.8 LOI and UL-94 results of AH-16 – T-58 samples containing clay additives
LOI%

UL-94

AH-16 T-58 matrix

21

-

+1% untreated MMT

24

HB

+2% untreated MMT

24

HB

+5% untreated MMT

25

HB

+1% organomodified MMT

21

HB

+2% organomodified MMT

22

HB

+5% organomodified MMT

22

HB

+1% untreated SEP

25

HB

+2% untreated SEP

26

HB

+5% untreated SEP

27

HB

+1% organomodified SEP

24

HB

+2% organomodified SEP

24

HB

+5% organomodified SEP

25

HB

4.4.3.2Mass loss rate and heat release rate measurements
The effect of clay additives was also investigated by HRR and mass loss measurements. The HRR
results of the best performing series according to LOI results described above, the AH-16 - T-58 matrix
containing 1, 2 and 5% of untreated MMT and SEP, respectively, can be seen in Figure 4.6 and
Figure 4.7.
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Figure 4.6 Effect of untreated MMT on HRR in AH-16 – T-58 epoxy resin matrix
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Figure 4.7 Effect of untreated SEP on HRR in AH-16 – T-58 epoxy resin matrix
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The clay additives reduced the peak of HRR and in case of 1% additive a shift in time to ignition was
observed, especially in case of untreated MMT additive. It is also an interesting notification that by
increasing the amount of clay additives the shape of the HRR curve changes: the second peak of HRR
is gradually diminishing. This phenomenon may be explained by considering the following processes
during burning: The main heat release peak caused by the burning of the evolved gas phase
degradation products is followed by a plateau on the HRR curve due to the protective layer formed
from solid decomposition products. When the pressure of the evolved gases becomes higher than the
value that the barrier layer can bear, the combustible gases burst out and the whole process starts
again. The gradually diminishing second peak of HRR is suggesting a reinforcing effect of clay on the
char that maintains this way its barrier effect and thus avoids the reactivation of the heat releasing
process. Thus it was essential to find a method for complex characterization of the char developed
during the burning process and to estimate the effect of clay additives and flame retardants on the
mechanical and structural characteristics of the char.

4.5 Combination of phosphorous flame retardant and clay
additives in epoxy resin
Related publications: V., IX., X.
As clay nanoparticles alone do not provide sufficient fire retardant effect, the next, logical task was to
combine them with other, approved flame retardants as the phosphorus-containing TEDAP.

4.5.1 Effect of combination of clay additives and TEDAP on the
curing process determined by DSC
The effect of 1, 2 and 5% of untreated and organomodified MMT and SEP type clay particles was
studied in the AH-16 – TEDAP epoxy resin system (Table 4.9). The starting temperature of the
crosslinking was shifted towards higher temperatures, the temperature of the peak temperature
decreased compared to the AH-16 – TEDAP system. The values of crosslinking enthalpy decreased in
all cases, this decrease is significantly higher than in case of the AH-16 – T-58 reference system,
which may be due to the more polar nature of TEDAP and consequently higher affinity to adsorb on
the surface of the clay particles. This effect was more significant in case of the unmodified clay
particles.
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Table 4.9 Effect of 1, 2 and 5% untreated and organomodified clay particles on the crosslinking
process of the AH-16 – T-58 epoxy resin determined by DSC
T0

Tpeak

Hcrosslinking

(°C)

(°C)

(J/g)

AH-16 T-58 reference

79.6

121.9

-315.6

AH-16 TEDAP

61.5

100.6

-309.7

AH-16 TEDAP 1% Na untreated MMT

70.6

110.5

-250.7

AH-16 TEDAP 2% Na untreated MMT

64.5

106.2

-256.2

AH-16 TEDAP 5% Na untreated MMT

69.8

108.4

-215.3

AH-16 TEDAP 1% Bentone SD-1 organomodified MMT

67.6

106.7

-289.7

AH-16 TEDAP 2% Bentone SD-1 organomodified MMT

61.9

102.2

-290.7

AH-16 TEDAP 5% Bentone SD-1 organomodified MMT

62.7

103.1

-290.6

AH-16 TEDAP 1% Pangel S9 untreated SEP

71.3

112.9

-258.7

AH-16 TEDAP 2% Pangel S9 untreated SEP

63.9

105.5

-279.8

AH-16 TEDAP 5% Pangel S9 untreated SEP

67.7

103.9

-152.7

AH-16 TEDAP 1% Pangel B40 organomodified SEP

62.3

102.2

-296.6

AH-16 TEDAP 2% Pangel B40 organomodified SEP

63.1

102.6

-281.6

AH-16 TEDAP 5% Pangel B40 organomodified SEP

62.3

102.8

-278.2

sample

If we compare the shape of the heat flow curve of the reference samples and samples containing 1%
clay additive (Figure 4.8) the followings can be concluded: in case of the untreated clays besides the
main peak there is a second, well-marked peak, accordingly the curing process consists of two
consequent stages, shifted to higher temperatures. The mentioned second peak is only slightly
distinguishable in case of the organomodified clays. It can be assumed that this second peak is due to
desorption and curing reaction of the curing agent originally adsorbed on the surface of the clay, this
also explains the more significant effect in case of the untreated clay particles.
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Figure:

Experiment: AH16 TEDAP 500°C
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Figure 4.8 Curing process of AH-16 – T-58 reference and AH-16 – TEDAP flame retarded epoxy
resin systems monitored by DSC

4.5.2 Effect of combination of clay additives and TEDAP on the
thermal degradation of the epoxy resin
The effect of unmodified and organomodified MMT and SEP additives on the thermal degradation of
the flame retarded epoxy resin was determined by thermogravimetric measurements. As no significant
difference was detected between the effects of the different clay particles, here only the results of the
unmodified SEP are going to be discussed (Table 4.10).
According to the results it can be concluded that the absolute residual mass increased in case of 2
and 5% applied unmodified SEP. The temperature where 10% mass loss occurs slightly increased,
which means that contrary to the reference epoxy resin there is no catalytic effect accelerating the
beginning of the thermal degradation, but the beginning of the degradation is shifted towards higher
temperatures. The most significant increase was detected applying 2% of unmodified SEP. Increasing
the amount of clay particles the maximal rate of mass loss is not changing significantly, while the
temperature where the rate of mass loss is maximal is slightly decreasing contrary to the reference
epoxy resin. To put is concisely, due to the applied clay particles the thermal degradation starts at
higher temperatures but reaches its maximum intensity faster producing more residue than the flame
retarded reference.
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Table 4.10 TG and dTG results of the AH-16–TEDAP flame retarded epoxy resin system
containing 1, 2 and 5% untreated SEP
matrix

AH-16 – TEDAP

additive

-

1% Pangel S9

2% Pangel S9

5% Pangel S9

reference

unmodified SEP

unmodified SEP

unmodified SEP

254

258

265

256

31.5

29.8

39

40.1

31.5

28.8

37

35.1

dTGmax (%/min)

-6.8

-7.3

-6.9

-6.1

dTGmax (°C)

291

288

287

286

temperature (°C)
at 10% mass loss
residual mass (%)
at 500°C
absolute residual
mass (%) at 500°C

a

the mass of the inert filler was deducted from the residual mass

4.5.3 Evaluation of flame retardant effect of TEDAP combined with
clay additives

4.5.3.1LOI and UL-94
According to the LOI results (Table 4.11) it can be concluded that in addition to the effect of TEDAP
there was a further increase in LOI applying 1% clay additive (MMT, possessing layered structure,
showed somewhat better results in this case). However, incorporating more additive did not improve
the LOI results, moreover in case of SEP it deteriorated the LOI values. It can be assumed that the
lower enthalpy of curing and therefore lower crosslinking density is the reason why the increasing
amount of clays did not increase the fire retardancy as in case of the reference epoxy resin.
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Table 4.11 LOI and UL-94 results of AH-16 – TEDAP samples containing clay additives
LOI%

UL-94

clay mineral additive

AH-16 TEDAP matrix

-

33

V-0

1% untreated MMT

35

V-0

2% untreated MMT

33

V-0

5% untreated MMT

33

V-0

1% organomodified MMT

36

V-0

2% organomodified MMT

35

V-0

5% organomodified MMT

35

V-0

1% untreated SEP

34

V-0

2% untreated SEP

30

V-0

5% untreated SEP

30

V-0

1% organomodified SEP

34

V-0

2% organomodified SEP

31

V-0

5% organomodified SEP

32

V-0

4.5.3.2Mass loss rate and heat release rate measurements
The effect of clay additives was also investigated by HRR and mass loss measurements. The HRR of
AH-16 – T-58 reference and AH-16 - TEDAP matrix containing 1, 2 and 5% of untreated MMT and
SEP, respectively, can be seen in Figure 4.9 and Figure 4.10.
By replacing the T-58 with the phosphorus-containing TEDAP the peak HRR value decreased
approximately to its 1/10 value, furthermore a shift in time to ignition of about 50 s was observed. By
adding clay additives to the AH-16 – TEDAP matrix better results were obtained only in case of
applying 1% additive: the value of peak HRR decreased or stayed at same level and a further
significant shift in time to ignition was detected. If 2 or 5% clay was added, the peak of HRR increased
compared to the AH-16 – TEDAP matrix, although the above mentioned shift in ignition time was
observed as well. According to these results the SEP, possessing fibrous structure, delivered better
flame retardant performance.
It can be assumed that the MMT with layered structure provides better gas barrier properties, therefore
more oxygen is needed for combustion, which explains the higher LOI values; while the fibrous SEP
facilitates the formation of heat insulating char structure, which results in lower HRR values.
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Figure 4.9 Effect of untreated MMT on HRR in AH-16 – TEDAP epoxy resin matrix
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Figure 4.10 Effect of untreated SEP on HRR in AH-16 – TEDAP epoxy resin matrix
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4.6 Mode of action and degradation mechanism
Related publications: VIII., X., XI., XII.
In order to gain a better insight into the mode of action and degradation mechanism, complex
characterization of the intumescent char was carried out, the gases evolved during the thermal
degradation were analysed by coupled TG-MS and TG-IR techniques, while the solid residue was
studied by the means of ATR-IR and XPS.

4.6.1 Complex characterization of intumescent char
Both the LOI and the HRR results showed that the optimum of flame retardant effect of clay additives
in TEDAP-containing systems is around 1 mass% filler level. In order to investigate this behaviour the
mechanical and structural characterization of the char was done by a newly developed method
described above (3.2.2) (Figure 4.11).

Figure 4.11 Mechanical destruction of the intumescent char of AH-16 – TEDAP system
Figure 4.12 shows the normal force transduced by the char in the function of the distance between the
plates of the rheometer. Moving the upper plate downward the normal force takes up a nearly constant
value, which can be considered proportional to the strength of the individual bubbles. After breaking
the charred structure the normal force increases significantly because of the compression of the
charred layer. As the mass of the samples was the same, the first point of the measurement
characterizes the char volume, while the gap, before sudden increase of the normal force, is
proportional to the remained mass of the sample. In contrast to the previously reported method139,
where the decreasing gap was expressed in percentages taking into account the initial height of the
char, in this case the value of the gap was displayed as an absolute value in order to be able to
compare the different samples. The average normal force before sudden increase of the normal force
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can be considered as a characteristic parameter of the char strength, while the scattering of the
normal force correlates with the diameter of the formed bubbles in the char: small, uniform fluctuation
refers to small bubble diameter and uniform, flexible char; while sudden decrease in normal force
proves the presence of bubbles with big diameter, which causes the char to have an uneven, rigid
structure.

5
AH-16 T-58 reference
AH-16 T-58 2% untreated SEP

normal force (N)

4

AH-16 TEDAP
AH-16 TEDAP 2% untreated SEP
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20000
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Figure 4.12 Effect of untreated SEP on the char characteristics

Comparing the AH-16 – T-58 reference and AH-16 – TEDAP flame retarded systems (Table 4.12), it
can be determined that the flame retarded system forms significantly more char than the reference.
Furthermore, the char of the reference sample is a more rigid char, with bigger average bubble
diameter, while the flame retarded system provides a stronger, more uniform char with smaller
average bubble size. Including untreated SEP in the reference system the average bubble diameter
decreases resulting in a more uniform char. In case of the flame retarded systems the incorporation of
the untreated SEP decreases the average bubble size, but this is a relatively smaller effect compared
to the already significant effect of intumescent flame retardant. No significant difference was observed
in the function of clay amount, so further investigation is needed to interpret the different effect of the
increasing amount of clay on the LOI and HRR results in the reference and the flame retarded
systems. Most probably the bubble nucleating effect of the clay additive is dominant, which requires
only a small filler content to reach the appropriate effect. Furthermore, as TEDAP is more polar than
the original T-58 hardener, by increasing the additive amount the decrease in crosslinking enthalpy
(due to adsorption of the crosslinking agent) becomes more significant than in case of T-58, which
leads to lower crosslinking density and deteriorating flame retardancy.
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Table 4.12 Effect of untreated SEP on the char characteristics
maximum

gap before

gap

total
compression

a

average normal

maximum normal

max.

force before total

force before total

deviation

compression

a

compression

a

(µm)

(µm)

(N)

(N)

(N)

8021

1632

0,427

2,09

9,08

12820

1121

0,172

0,85

0,78

AH-16 TEDAP

24075

2119

1,71

2,48

1,52

AH-16 TEDAP

24075

3295

2,31

3,11

0,2

AH-16 T-58
reference
AH-16 T-58
2% Pangel S9

2% Pangel S9
a

point at the normal force vs. gap diagram where the normal force suddenly begins to increase due to
total compression of char

In order to make the bubble size reducing effect of clay additives even more clear several SEM
images were taken (Figure 4.13 and Figure 4.14) and analysed by Olympus DPSoft imaging
software. The estimated average bubble size was 410±30 µm, while the incorporated 1% untreated
MMT reduced it to 255±30 µm.

Figure 4.13 SEM image of AH-16 – TEDAP char
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Figure 4.14 SEM image of AH-16 – TEDAP 1% untreated MMT char

4.6.2 TG-MS and TG-IR analysis of the evolved gases during
thermal degradation
The gases evolved during thermal degradation of epoxy resin were analysed using coupled
techniques. The chemical structure of the epoxy resin is different from those that have been studied
earlier therefore not just reference data but also new information were expected from the analysis of
pristine epoxy resin.
According to the TG/DTA-MS spectra of the AH-16 – T-58 reference epoxy resin sample (Figure 4.15)
the followings can be concluded:
-

emission of H2O (m/z: 18) due to the dehydration of the secondary alcohol in epoxy resin is
detected from 270°C and has a maximum intensity at 295°C,

-

formation of CO2 (m/z: 44) can be detected from 230°C and has two maximums at 295°C and
at 535°C,

-

the formation of CxHy hydrocarbons (m/z: 43) can be detected from 275°C and has two
maximums at 295°C and at 535°C,

-

emission of acetone (m/z: 58) starts at 220°C and reaches its maximum intensity at 290°C
(according to ATR-IR results the intensity of C=O signs (~1722 cm-1), probably due to ketene
formation in the solid phase, diminishes at 300°C),

-

the formation of HCl (m/z: 36) can be detected from 230°C and has two maximums at 295°C
and at 325°C, (the formation of HCl is due to the ~1.5 mass% hydrolysable chloride content of
the AH-16 epoxy component as a residue of its synthesis from epichlorohydrin).
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Figure 4.15 TG/DTA-MS spectra of the AH-16 – T-58 reference epoxy resin sample

Compared to the degradation products of epoxy resins published in the literature140 in this case, of
course, no phenolic derivatives were found and not even their aliphatic analogies (e.g. ethanol) were
detected, instead of them formation acetone was proved. This difference in the degradation pathway is
due to the differences in the epoxy resin matrix: in case of aromatic systems the formation of phenolic
derivatives results more energy gain by the formation of a more stable aromatic structure than in case
of the aliphatic system, where therefore no alcohol formation occurs.
The degradation of aliphatic phosphorus segments in epoxy resin has not yet been studied thus we
compared it to the AH-16 – T58 reference.
According to the TG/DTA-MS spectra of the AH-16 – TEDAP flame retarded epoxy resin sample
(Figure 4.16) the followings can be concluded:
-

emission of H2O (m/z: 18) due to the dehydration of the secondary alcohol in epoxy resin is
detected from 220°C and has a maximum intensity at 280°C,

-

formation of CO2 (m/z: 44) can be detected from 220°C and has two maximums at 280°C and
at 530°C,

-

the formation of CxHy hydrocarbons (m/z: 43) can be detected from 150°C and has two
maximums at 280°C and at 530°,

-

at 300°C the acetone (m/z: 58) emission in the gas phase reaches its maximum intensity
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(according to ATR-IR results the intensity of C=O signs (~1729 cm-1), probably due to ketene
formation in the solid phase, diminishes at this temperature),
-

formation of ethylenediamine (m/z: 60) can be detected from 170°C and reaches its maximum
intensity at 225°C and 270°C,

-

the phosphorus is not only active in the solid phase, but also in the gas phase: the P=O
fragment (m/z: 47) of TEDAP appears already at 160°C in the gas phase and has two
maximums at 225 and 280°C,

-

the most intensive fragment originating from TEDAP (m/z: 64, O=PNH3) can be detected from
150°C and has two maximums at 225 and 270°C,

-

the formation of HCl (m/z: 36) can be detected from 185°C and has maximum at 290°C, (the
formation of HCl is due to the 1.5 mass% hydrolysable chloride content of the AH-16 epoxy
component). Both in case of the reference and the flame retarded system the shape of the
curves describing the elimination of H2O and HCl is very similar, which means that the
elimination of these small molecules from the secondary alcohol containing site of the epoxy
matrix occurs at the same temperature. As the degradation of the flame retarded system
occurs at lower temperatures than in case of the reference system, the formation of HCl is
also shifted towards lower temperatures.
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Figure 4.16 TG/DTA-MS spectra of AH-16 – TEDAP flame retarded epoxy resin sample
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The gases evolved during thermal degradation of epoxy resin were also analysed by FTIR analysis
which permits high resolution rapid and simultaneous measurement of complex gaseous mixtures.
The aim of TG-FTIR measurements was to determine the exact amount of CO and detect or exclude
the presence of some low molecular weight and aromatic compounds, whose unambiguous detection
by TG/DTA-MS was not possible due to the overlapping of key fragments with other compounds’.
Gram–Schmidt thermograms indicate the quantitative distribution of the evolved gases during the
thermal degradation (Figure 4.17 and Figure 4.18). Both in case of the AH-16–T-58 reference epoxy
resin system and in AH-16–TEDAP epoxy resin system evolved gases could be detected from
~200°C, however in the reference system the maximum of volatile products emission occurred at
520°C, while in the flame retarded epoxy resin system at 270°C, which means that the phosphoruscontaining flame retardant promoted the evolution of gas phase degradation products in the early
stage of the degradation.

Figure 4.17 Gram–Schmidt thermogram of the AH-16–T-58 epoxy resin system determined by
TG-FTIR analysis

Figure 4.18 Gram–Schmidt thermogram of the AH-16–TEDAP epoxy resin system determined
by TG-FTIR analysis

73

TOLDY ANDREA

SYNTHESIS AND APPLICATION OF REACTIVE ORGANOPHOSPHOROUS FLAME RETARDANTS

Furthermore the TG-FTIR technique allowed to determine the quantitative distribution of CO (Figure
4.19, Figure 4.20), which was not possible by the TG/DTA-MS technique due to the overlapping of
key fragments of CO with other compounds’.

Figure 4.19 Quantitative distribution of evolved CO during the degradation of AH-16–T-58
epoxy resin system

Figure 4.20 Quantitative distribution of evolved CO during the degradation of AH-16–TEDAP
epoxy resin system
Comparing the results of the reference and the flame retarded systems, it can be concluded that in
both cases there is an approximately same intensity peak in the temperature region of 250-300°C,
however in case of the flame retarded system there is a one order of magnitude higher second peak
between 400 and 600°C. This increase in CO-evolution in the high temperature region can be
attributed to the well-described solid phase action of the phosphorus-containing flame retardants141.
Furthermore the formation of aromatic compounds, HCN and NH3 could be excluded, due to the lack
of the appropriate characteristic signals.
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4.6.3 ATR-IR and XPS analysis of the solid residue during thermal
degradation
Structural and morphological characterization of the char formed in various stages of combustion is an
important step toward complete understanding of the fire retardancy mechanism. The methodology
elaborated for analyzing the charring process consists of a heat treatment at different temperatures
and a subsequent ATR-IR analysis of the surface of the degraded polymer (3.2.2).
According to the ATR-IR spectra of the AH-16 – T-58 reference epoxy resin (Figure 4.21) the
followings can be concluded:
-

the thermal decomposition of the epoxy resin sample begins with the dehydration of the
secondary alcohol and formation C=C double bonds at 200°C in the solid phase (~1651 cm-1)
(the changes in the solid phase could be detected earlier than the correspondent gas phase
change: according to TG/DTA-MS results the evolution of H2O could be detected only from
270°C, whereas the maximum intensity of C=C double sign in solid phase is at 250°C),

-

the intensity of C=O signs (~1722 cm-1) starts to increase at 200°C, most probably due to
ketene formation in the solid phase, at 300°C this signal diminishes,

-

from 250°C the intensity of out of plane –CH bond (~744 cm-1) is gradually decreasing,
probably due to the splitting off of the –CH3 group in the T-58 amine hardener,

-

the intensity of C-O-C ether sign (~1093 cm-1) is decreasing as the degradation occurs, while
the sign of the alcoholic C-O bond (~1043 cm-1) is collaterally increasing; above 300°C the
intensity of both starts to decrease and diminishes at 400°C,

-

at 300°C the sign of the H-bonded –OH groups disappears and the sign of the secondary –NH
groups at ~3270 cm-1 replaces it,

-

above 350°C the double bond formation ( ~2172 cm-1 C=N, N=N; ~3075 cm-1 C=C),
aromatization processes (~3026 cm-1 vinyl-benzene) and chain splitting of the aliphatic chains
(~2955 cm-1 –CH3) occur in the solid residue.
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Figure 4.21 ATR-IR spectra of the AH-16 – T-58 reference epoxy resin system after heat
treatment from 25°C to 400°C
According to the ATR-IR spectra of the AH-16 – TEDAP flame retarded epoxy resin sample (Figure
4.22) the followings can be concluded:
-

the thermal decomposition of the epoxy resin sample begins with the dehydration of the
secondary alcohol and formation C=C double bonds at 220°C in the solid phase (~1658 cm-1)
(the changes in the solid phase could be detected earlier than the correspondent gas phase
change: in the gas phase according to TG/DTA-MS results the emission of H2O is detected
from 220°C, where the sign of C=C double bonds has a maximum intensity),

-

the intensity of C=O signs (~1729 cm-1) can be detected also from 180°C, its intensity starts to
increase significantly at 230°C, most probably due to ketene formation in the solid phase, at
the 300°C this signal diminishes,

-

the intensity of the C–O–C sign (~1088 cm-1) is gradually decreasing until 240°C, then the
intensity starts to increase again, which can be ascribed to the splitting of the C–O–C bond
and the consequent ether formation of the formed alcohol,

-

there is an interesting phenomenon at 240°C: instead of the broad sign of NH2 (~3260 cm-1)
two peaks appear at ~3232 cm-1 and ~3408 cm-1, the first one is the original amine peak, while
the latter can ascribed to the formation of the –OH groups when the C–O–C bond splits,

-

the sign of P=O is shifted from ~1200 cm-1 (N3P=O in TEDAP) to ~1215 cm-1, which can be
ascribed to the splitting of P-N bonds in TEDAP and reaction with the formed alcohols to form
P–O bonds instead of P-N bonds; this can be also proved by the decreasing intensity of the
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sign of the P–N–C bond (~740 cm-1),
-

according to the more and more sharp shape of the sign C–O–C (~1088 cm-1) and P–N–C
bonds (~1040 cm-1) it can be concluded that after 220°C the absorption bands differentiate,
which means that the degree of ordering increases and more regular structure is formed
during the degradation process until 300°C,

-

above 300°C double bond formation ( ~2170 cm-1 C=N, N=N) and chain splitting of the
aliphatic chains (~2950 cm-1 –CH3) occur in the solid residue.
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Figure 4.22 ATR-IR spectra of the AH-16 – TEDAP epoxy resin system after heat treatment from
25°C to 350°C
XPS measurements of the char residue of mass loss calorimeter measurements were done in order to
determine the elemental composition of the remained chair (Table 4.13 and Table 4.14). The mass
residue of the TG measurements was not sufficient for XPS analysis, therefore a homogenized sample
was taken from the broken char residue of mass loss calorimeter measurements. It has to be
mentioned, that the differences between the two epoxy resin systems are more emerging in case of
mass loss calorimeter measurements (sample mass: 48 g), closer to real fire conditions, than in case
of TG measurements in air (sample mass: 10 mg): the mass residue of the TEDAP-containing system
increased from 23.4% to ~50% due to up-scaling, while the mass residue of the reference remained
approximately the same value under both circumstances. The differences in the original elemental
composition are well-marked: the flame retarded system contains 10.26% N, acting as spumific agent
and 3.79% P responsible for acid formation during the degradation, both essential components in
intumescent flame retardancy. On the other hand, the reference epoxy resin only contains 3.37% N.
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Table 4.13 XPS results of solid residue of AH-16 – T-58 sample after cone heater treatment
compared to the original mass concentration disregarding H
peak

position
BE

FWHM

raw
area

RSF

atomic
mass

atomic
conc.

rel. change
original mass
mass conc.
conc. a
disregarding Hb
%
%
%
16.68
28.91
-42.31
8.02
3.37
138.27
75.31
67.72
11.21
on the basis of epoxy equivalent and
mass
conc.

(eV)
(eV)
(CPS)
%
O 1s
530.300
3.929 2930.2 0.736 15.999
13.22
N 1s
396.400
3.206 1104.0 0.505 14.007
7.26
C 1s
282.000
2.065 7615.6 0.318 12.011
79.52
a
calculated according to the sample composition determined
amine number
b
H was disregarded in order to obtain comparable data with XPS results

Table 4.14 XPS results of solid residue after cone heater treatment of AH-16 – TEDAP sample
compared to the original mass concentration disregarding H
rel. change
original mass
mass conc.
conc. a
disregarding Hb
(eV)
(eV)
(CPS)
%
%
%
%
O 1s
532.300
3.038 6589.2 0.736 15.999
22.80
27.05
30.95
-12.59
N 1s
399.700
2.689
900.9 0.505 14.007
4.54
4.72
10.26
-54.01
C 1s
284.600
2.034 8760.5 0.318 12.011
70.16
62.49
55.00
13.61
P 2p
134.200
2.026
519.9 0.530 30.974
2.50
5.74
3.79
51.56
a
calculated according to the sample composition determined on the basis of epoxy equivalent and
amine number
b
H was disregarded in order to obtain comparable data with XPS results
peak

position
BE

FWHM

raw
area

RSF

atomic
mass

atomic
conc.

mass
conc.

According to the XPS results it can be concluded, that in the AH-16 – T-58 sample a significant
enrichment in N and depletion in O was observed, however as the mass residue of the reference is
negligible, it has no noteworthy effect. In case of AH-16 – TEDAP sample depletion in both N and O
was observed. Due to charring, in both cases enrichment in C was detected; while in the flame
retarded system the P-content also increases by approximately 50%. Considering that in this case of
the mass loss calorimeter measurements the mass of the residue is ~50% of the original mass, it can
be concluded that approximately 75% of the originally present P stays in the solid phase, while 25% of
it acts in the gas phase, which is in accordance with the IR-analysis of the solid residue and TG/DTAMS and TG-IR analysis of the evolved gases during thermal degradation.

4.6.4 Proposed decomposition pathway
On the basis of volatile products, solid residue and mass loss results models are postulated and
summarized for degradation of the AH-16–T-58 and AH-16–TEDAP epoxy resin systems. Correlation
was established between the results of the evolved gas and solid phase analyses, then the main
changes during the degradation of epoxy resin systems were summarized according to degradation
temperature regions.
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The correlation between the changes in gas phase and solid phase is summarized in Table 4.15.
Table 4.15 Summary and correlation between the evolved gas and solid residue analyses
AH-16–T-58

AH-16–TEDAP

AH-16–T-58

AH-16–TEDAP

gas phase

gas phase

solid phase

solid phase

evolved gases,

start

peaks

start

peaks

change in

temperature

detected

(°C)

(°C)

(°C)

(°C)

solid phase

(°C)

270

295

220

280

C=C

200-

↑

180-

↑

OH

-300

↓

240

↑

300-

↑

change

temperature

change

(°C)

fragments
H2O

H-bonded
CO2

230

295,

220

535
CO

270

285

280,
530

230

245,
510

CxHy

275

295,

150

530
P=O

-

-

160

from TEDAP
NH3P=O

NH2CH2CH2NH2

-

-

150

220

-

240

from T-58
HCl
from AH-16
explanations:

350-

↑

530

-CH

250-

↓

225,

N-P=O

-

220-

↓

C-P=O

-

220-

↑

220-

↓

180-300

↑↓

-240

↓

240-

↑

↑

225,

P-N-C

270
290

-

190

170

from TEDAP
cHex-CH

-CH3

265

from TEDAP
CH3C(O)CH3

280,

290,

-

300

295,

200-300

C-O-C

250-400

↓

C-O

250-300

↑↓

225,

NH sec

300-

↑

270

H-bonded
C=N, N=N

350

↑

300

C6H5-

350

↑

-

-

320
230

C=O

CH=CH2
185

220,

325
290
↑ increase, ↓ decrease
cHex: cyclohexyl group

In some cases there is a shift in temperature and the changes are detected earlier in solid phase than
the appropriate gases evolved (e.g. C=C formation in solid phase – H2O formation in gas phase), but
in general the solid phase results confirm and help to an give explanation of gas phase results.
According to TG and dTG results of the TG/DTA-MS measurements, the degradation of the two
studied epoxy resin systems can be divided into the following temperature regions (Figure 4.23 and
Figure 4.24):
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Figure 4.23 TG and dTG results of AH-16–T-58 reference epoxy resin system in air
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Figure 4.24 TG and dTG results of AH-16–TEDAP flame retarded epoxy resin system in air
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The degradation of the reference and flame retarded epoxy resins is compared in Table 4.16:
Table 4.16 Summary of main changes during the degradation steps of epoxy resin systems
AH-16–T-58
mass loss

AH-16–TEDAP

temperature

integrated

region
(°C)

main changes

temperature

integrated

mass

region

mass

variation

(°C)

variation

(%)
initial

-250

-1.4

main changes

(%)
negligible effects

150-250

-7.5

- P-containing
gases
- NH2CH2CH2NH2

main

250-350

-58.8

- H2O

250-350

-51.1

- H2O

- CO2

- CO2

- CO

- CO

- CH3C(O)CH3

- CxHy

- CxHy

- CH3C(O)CH3
- P-containing
gases

subsequent

350-480

-75.6

slow-up of

350-480

-63.4

volatile evolution
high
temperature

480-600

-98.4

- CO2

slow-up of
volatile evolution

480-600

-76.4

- CO2

- CO

- CO

- CxHy

- CxHy

According to these results the main difference in the degradation of the reference and the flame
retardant system is that the degradation of the TEDAP-containing epoxy resin begins at about 100°C
lower temperature mainly with the emission of degradation products of TEDAP: according to TG/DTAMS results the presence PO radicals and O=PNH3 in the gas phase could be detected. As in TEDAP
the P atom in P=O fragment is chemically bound to 3 N atoms and not to C or O atoms as in most
organophosphorous flame retardants, the evolution of PO-containing species is even more facilitated
because the binding energy of C-N bonds is lower than the C-C and C-O bonds142. The mentioned Pcontaining species act as flame retardant in the gas phase slowing down the further degradation
steps: the maximum value of derivative mass loss is 5x lower than in case of the reference system. As
stated before, approximately 25% of the introduced phosphorus acts in gas phase, resulting in a
significant effect. After the main degradation step (250-350°C) there is a plateau-like part in mass loss
(350-480°C), but in case of the flame retarded system this plateau is much higher and less gradient,
because the mass loss is significantly lower and the rate of mass loss is slower than in case of the
reference system due to the solid phase action of phosphorus. This stage is followed by an intensive,
high temperature degradation (480-600°C), where the solid phase effect of the phosphorus is
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prevailing: the amount of emitted phosphorous containing gases is negligible, while the formation of
phosphorocarbonaceous intumescent char results in a mass residue of 23.4% in TG. In case of the
reference system the amount of residue is basically omissible.
According to these statements it can be concluded that the outstanding flame retardancy results can
be explained by the combined effect of phosphorus: at the beginning the gas phase action of
phosphorus is crucial for slowing down the degradation before ignition and thus increasing the time to
ignition to the double of the original value; while at high temperature degradation the solid phase
action results in reduction of the peak of heat release rate to the 1/10 of the original value and an
increased mass residue.
In the current literature no references were found for epoxy resins dealing with the determination of the
ratio of phosphorus acting in solid phase and gas phase, respectively. Hergenrother et al.135 found that
with increasing oxidation state of phosphorus the condensed state action is increasing. Braun et al.142
observed that the decreasing oxidation state of phosphorus resulted in increase of the flame
retardancy, which was supposed to be explained by the increasing gas phase action, however no
exact ratio was determined.
This study aimed at making a contribution towards better understanding of the reactive phosphoruscontaining flame retardants in epoxy resins by determining its role in different degradation steps and
the exact ratio of phosphorus acting in gas phase and solid phase. The conclusion of the described
detailed analysis confirms the suggestion of the papers cited above concerning the importance of the
gas phase action, but more precisely, it is proposed to be dominant only at the initial stage of
combustion process, while in later stage the solid phase mechanism is more preferred, in which the
nanofillers play advantageous role (at low concentration).
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5.1 Scale up and optimization of the synthesis of TEDAP
from P(O)(OEt)3
5.1.1 Catalytic effect of different MMT and SEP additives on the
synthesis of TEDAP – scale-up in reaction calorimeter
As clay additives show certain synergism with the phosphorus-containing TEDAP flame retardant and
their role as catalyst in organic chemical reactions is well-known, the idea was to explore the catalytic
effect of clay additives in the synthesis of TEDAP. If the clay additives perform catalytic effect both
during the synthesis and the thermal degradation, it offers the advantage of not having to remove the
catalyst from TEDAP and using it as flame retardant additive again.
As preliminary experiments DSC measurements were done in closed, perforated aluminium crucibles
containing TEP and TEA in 1:3 molar ration and given amount of clay additives. The temperature
program consisted of 1 min isotherm part at r.t. and a linear part from r.t. to 140°C with a heating rate
of 2°C/min. Among the commercially available untreated and organomodified MMT and SEP additives
the organomodified MMT had the most significant effect, while the best result was achieved using
MMT surface treated with Fe ions (Figure 5.1).
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Figure:

Experiment: TEP EDA 1:3+catalyst 2K\perc 140C
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Figure 5.1 Effect of MMT and SEP catalyst on the reaction enthalpy in the synthesis of TEDAP
Based on the DSC results the scaled-up synthesis of TEDAP was carried out at a computer-controlled
reactor calorimeter. To 99 g of EDA (1.65 mol, 10 equivalents) 30 g of TEP (0.165 mol, 3 equivalents)
were added, the reactant feed was controlled by mass control. The reaction was performed both
without catalyst and with MMT catalyst treated with Fe ions. The amount of the catalyst was ~1
mass% calculated on the amount of TEDAP, in order to have sufficient amount for use as flame
retardant additive in epoxy resin. The mixture was stirred by motoric stirrer, at rotational speed of 250
1/min and kept at the temperature of 100°C in order to minimize the effect of boiling of EDA on the
measured heat flow values.
The significant exothermic enthalpy change that was detected (Figure 5.2) allowed the determination
of reaction progress in reaction calorimeter. It was estimated that the reaction time at 100°C was
reduced from 3 h to 1.5 h by the application of MMT catalyst treated with Fe ions.

84

FEASIBILITY, ESTIMATION OF COSTS AND ENVIRONMENTAL EFFECTS

12

reaction heat (W)

10
with Fe MMT catalyst

8
6

without catalyst

4
2
0
0

2000

4000

6000

8000

10000

12000

time (s)
Figure 5.2 Catalytic effect of MMT on the reaction enthalpy measured in computer-controlled
reactor calorimeter
Despite the convincing results, the described method is not convenient for on-line monitoring of the
reaction progress, because the reaction time can be only determined by subsequent calculations.
Further inconvenience is that the method requires much longer calibration than the synthesis itself.
Additionally as it determines the heat flow of the reaction, it is not unambiguous that the estimated
reaction time refers to the synthesis TEDAP containing rather monomers or includes the heat of
oligomerization of TEDAP. By using calorimetry to measure kinetic data, the proportionality between
chemical and thermal conversion is assumed. Because calorimetry always delivers a signal that may
be the sum of different thermal effects (among them also physical effects), the correspondence
between chemical and thermal conversion must be verified – for example, by chemical analysis.

5.1.2 Optimization and scale-up of the synthesis of TEDAP in
ReactIR-apparatus
As the monitoring of the synthesis is not workable in the reactor calorimeter, other, spectroscopic
possibilities were explored. Since there is no Raman-active change during the reaction, the on-line
monitoring by Raman-spectroscopy was not possible. In case of IR-spectroscopy the problem was that
the spectrum of EDA in excess overwhelmed the spectra of the other components in the samples
taken from the reaction mixture. The feasible solution proved to be the utilization of the ReactIR™ in
situ FT-IR apparatus (type Mettler-Toledo). This instrument allows in-situ real-time FTIR analysis of a

85

TOLDY ANDREA

SYNTHESIS AND APPLICATION OF REACTIVE ORGANOPHOSPHOROUS FLAME RETARDANTS

reaction mixture in the mid-IR region using a multi-reflection diamond ATR insertion sensor, which can
withstand reaction conditions over a wide temperature range (-80 to 250°C) under pressures up to 100
bar. The spectral range for this instrument is 450 cm-1 to 4800 cm-1. The technology is well suited to
kinetics research because the data can be collected very rapidly (resulting in accurate determination of
reaction rates) the diamond sensor is compatible with chemical environments, and in-situ
characterization of component allows detection of unstable species (that may not be measurable by
chromatographic or other off-line techniques).
The scaled-up synthesis of TEDAP was carried out in the ReactIR instrument using the same amounts
as in reaction calorimeter: To 99 g of EDA (1.65 mol, 10 equivalents) 30 g of TEP (0.165 mol, 3
equivalents) were added in ~25 min, with controlled feed speed. The reaction mixture was heated up
to the boiling point of the EDA (118°C) in ~30 min and kept refluxing and mixing with magnetic stirrer
until the end of the reaction. The reaction was performed both without catalyst and with MMT catalyst
treated with Fe ions. The amount of the catalyst was ~1 mass% calculated on the amount of TEDAP,
in order to have sufficient amount for use as flame retardant additive in epoxy resin.
First of all, it has to be mentioned, that no significant differences were detected between the reactions
without and with MMT catalyst, which means that the catalytic effect of MMT refers to the
oligomerization of TEDAP, but not on the synthesis on the monomer. Therefore in the followings only
the results of the synthesis without catalyst are going to be presented.
According to the 3D joint IR spectrum of the components in the function of time (Figure 5.3) it can be
concluded that by feeding the TEP the intensity of (RO)3P=O peak at 1266 cm-1, P-O-C peak at 1027
cm-1 and P-OEt peak at 970 cm-1 is gradually increasing. On the base of the B3LYP/631++G(d,p)//PCM (Polarizable Continuous Media) calculations (Figure 5.4) it can be expected that
due to the occurring transamidation the signal of P=O is going to be gradually shifted to lower
wavenumbers. After starting the heating-up of the reaction mixture the intensity of the peaks
characteristics for TEP start to decrease with a parallel increase of the peaks characteristics for
TEDAP: (RNH)3P=O at 1224 cm-1 and P-N-C at 1054 cm-1. After a transition time where both the
starting material, mono-, di- and trisubstituted products are present, the overall transamidation occurs.
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O=P-O

O=P-N

P-O-C
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Figure 5.3 Joint IR spectrum of components in the function of time

Figure 5.4 B3LYP/6-31++G(d,p)//PCM (Polarizable Continuous Media) calculations
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From the joint 3D IR spectrum the 2D IR spectrum of the starting material and the product can be
obtained by deconvolution (Figure 5.5) and based on the selected characteristic peaks a
concentration profile can be obtained (Figure 5.6).
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Figure 5.5 IR spectrum of the starting material and the product after the deconvolution of the
joint IR spectrum of the components

3

intensity (a. u.)

2,5

2
starting
material

1,5

product

feed

heating-up

reflux

1

0,5

0
0

10

20

30

40

50

60

70

80

90

100

tim e (m in)

Figure 5.6 Calculated concentration profile
The concentration profile allows the determination of the reaction time: after ~30 min of reflux no more
starting material is available in the reaction mixture and the concentration of the product reaches its
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maximum. If the reaction time is longer than the determined, it leads to the oligomerization of TEDAP.
The differences between the monomeric and oligomeric form of TEDAP can be summarized as follows
(Table 5.1):

Table 5.1 Comparison of the characteristics of monomeric and oligomeric form of TEDAP
monomeric form
structure
O

P

oligomeric form

NH CH2CH2 NH2
NH CH2CH2 NH2
NH

CH2CH2 NH2

O
H2N CH2CH2 NH

P

H

NH CH2CH2 NH

NH
CH2
CH2
NH2

n= 2-4

physical
appearance

brownish yellow, liquid

yellow, solid

melting point

-

45°C

amine number

500±5 mg KOH/g

<500±5 mg KOH/g

P-content

13.84

n=2: 15.98 – n=4: 17.32

reaction time

30 min

> 30 min

vacuum needed

0.1-1 Hgmm

no restriction

mass%

Therefore, it can be concluded that the actual reaction time depends on the required product: if a liquid
product is needed with better crosslinking properties and a bit lower P-content, than less reaction time
is enough and good quality vacuum is needed for the vacuum-distillation; however, if an oligomeric
product with higher P-content but weaker crosslinking properties is necessary, than longer reaction
time is needed, MMT catalysts can be applied and there is no strong restriction on the quality of the
applied vacuum.
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5.2 Effect of TEDAP and clay additives on the applicability
of the epoxy resin
As the processing of the epoxy resins is done with vacuum suction and injection methods, it is crucial
not to increase the viscosity of the mixture of the epoxy component and curing agent to a considerable
extent. Therefore the aim of the rheological characterization was to compare the viscosity of the
commercially available T-58 crosslinking agent and of TEDAP, and to investigate the effect of clays on
the viscosity.
According to the results (Table 5.2) it can be concluded that the viscosity of the commercially available
crosslinking agent and synthesized new crosslinking agent is practically the same. Accordingly, the
application of TEDAP does not have a noteworthy effect on the processing conditions and it can be
applied instead of the commercially available T-58 using the same methods. Concerning the change in
viscosity of AH-16 epoxy component due to the exfoliated clay particles, it can be concluded, that with
the exception of 1% unmodified MMT, all the compositions had higher viscosity than the pure AH-16,
as expected. Increasing the amount of clay particles, the viscosity is also increasing; this increase is
the highest in case of 5% organomodified MMT, probably due to the better interaction between the
epoxy component and the clay particles due the organic surface modification.
Table 5.2 Viscosity of the crosslinking agent and the pure and clay-containing epoxy
component
viscosity (Pa.s)
AH-16

1.00

T-58

0.35

TEDAP

0.34

AH-16 1% unmodified MMT

0.95

AH-16 1% organomodified MMT

1.73

AH-16 1% unmodified SEP

1.19

AH-16 1% organomodified SEP

1.17

AH-16 5% unmodified MMT

1.23

AH-16 5% organomodified MMT

5.12

AH-16 5% unmodified SEP

3.00

AH-16 5% organomodified SEP

3.21

In order to estimate the effect of clays on the pot life of epoxy component and crosslinking agent
mixtures, the best performing two compositions according to LOI results were chosen to be compared
with their reference composition without clay. Viscosity values were measured immediately after
mixing the appropriate components, in a time period of 20 min. According to the results (Table 5.3) it
can be concluded that during the monitored period in all cases the viscosity started to increase due to
the beginning curing process. In case of AH-16 – T-58 5% unmodified SEP system the viscosity
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increased significantly, but still within the limits of processability; in case of AH-16 – TEDAP 1%
organomodified MMT system this effect was neglectable.
Table 5.3 Effect of clays on the viscosity during the first 20 min period of curing at 25˘C
viscosity (Pa.s)
minimum maximum

mean value

AH-16 – T-58

1.15

2.4

1.62

AH-16 – T-58 5% unmodified SEP

2.99

4.27

3.66

AH-16 – TEDAP

1.15

2.54

1.8

AH-16 – TEDAP 1% organomodified MMT

1.26

2.5

1.89

5.3 Optimization of TEDAP-content of epoxy resin samples
in the function of flame retardancy and mechanical
properties
As TEDAP acts both as crosslinking agent and flame retardant, the introduced amount of TEDAP
determines both the crosslinking density and consequently the mechanical properties of the flame
retarded epoxy resin, and also the flame retardancy as it is directly proportional to the amount of
phosphorus originating from TEDAP. Furthermore, the flame retardancy also depends from the
crosslinking density, as the lower network density deteriorates the fire retardant effect as well.
In order to determine the optimal TEDAP-content of the epoxy resin, a sequence of samples was
made with P-concentrations varying around the previously applied 3.5 mass% P determined on the
basis of amine number of TEDAP. The values of crosslinking enthalpy, Shore hardness and LOI are
summarized in Table 5.4.
Table 5.4 Comparison of crosslinking enthalpy, mechanical properties and flame retardancy of
AH-16–TEDAP epoxy resin samples in the function of phosphorus-content
P-content of the AH-16–TEDAP epoxy resin samples (mass%)
3.1

3.3

3.5

4

4.5

5

5.8

Crosslinking enthalpy (J/g) -298.4

-330.7

-336.7

-340.8

-323.2

-281.2

n.a.

Shore value

96

97

98

98

99

97

n.a.

LOI

36

37

37

38

39

41

40

It can be determined that all three functions can be described with a maximum value function, but the
optimum of the functions is not overlapping. The optimum of the crosslinking density is at 4 mass% P,
applying more P the excess TEDAP will act as plasticizing agent resulting in weaker crosslinking
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network. The optimum of the mechanical properties is at 4.5 mass% P, but the surrounding values are
still acceptable. For the best fire retardant performance 5 mass% of P was needed: compared to the
value of the reference AH-16–T-58 system this means almost an improvement of 100%.
To put it concisely, it can be concluded that in general incorporation of 4.5 mass% of P is suggested
instead of the originally determined 3.5 mass%, but the actual amount of P should be always
determined by the requirements of application.

5.4 Glow fire flammability index (GWFI) test
GWFI measurements were done in order to estimate the industrial applicability of this new flame
retarded epoxy resin system in electrical and electronic equipments. By increasing the amount of
TEDAP and so the proportion of phosphorus a linear increase in GWFI can be seen (Table 5.5).
Applying 100% TEDAP the best GWFI value according to the standard can be achieved: The GWFI
value of 960°C means that the epoxy resin cured with TEDAP can be used in electrical and electronic
equipment for unattended use continuously loaded, or equipment to be used near the central supply
point of a building; both in parts in contact with, or retaining in position current-carrying parts and in
enclosures and covers not retaining current-carrying parts in position.
Table 5.5 GWFI values in the function of TEDAP proportion in case of AH-16 T-58 samples
sample

P-content (mass%)

GWFI value

AH-16 T58 reference

-

550°C

AH-16 T58 20% TEDAP

0.7

550°C

AH-16 T58 40% TEDAP

1.4

650°C

AH-16 T58 60% TEDAP

2.1

750°C

AH-16 T58 80% TEDAP

2.8

850°C

AH-16 100% TEDAP

3.5

960°C

5.5 Estimation of costs and environmental effects
The applied starting materials are commercially available, cheap reagents. The cost of the currently
applied T-58 crosslinking agent is ~25€/kg, while the cost of row materials for preparation of 1 kg
TEDAP calculated on the base of bulk prices of TEP (~4€/kg) and EDA (~2€/kg) would be 8€.
Considering the production costs, the price level can be kept still around the price of T-58, however
TEDAP plays both the role of crosslinking agent and flame retardant providing a highly economic
solution for fire retardancy.
Concerning the environmental effects, the starting materials are not harmful to the environment and
during the reaction no harmful by-products are formed. The excess EDA not only shifts the equilibrium
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in the direction of the required trisubstituted product, but it serves also as solvent in the reaction. The
excess EDA removed by vacuum distillation can be recycled during the production.
The so synthesized TEDAP is a reactive flame retardant, therefore smaller concentrations are required
to reach the appropriate effect and the migration to the polymer surface is also hindered as the flame
retardant is chemically incorporated into the epoxy resin matrix.
As for the evolved gases during the degradation, already the TG-MS and TG-IR measurements gave
some hints, but to estimate its effects in real fire situations the gases evolved during the mass loss
calorimeter measurements were analysed with FT IR instrument with a coupled construction described
in chapter 3.2.2 above. The results showed good agreement with the TG-IR results, as illustrated in

absorbance

case of AH-16 – TEDAP system in (Figure 5.7).

before
ignition
after
ignition

wavenumber cm-1
Figure 5.7 Comparison of TG-IR and MLC-IR spectra in case of AH-16 –TEDAP system
The IR spectra in the function of time taken during the burning in mass loss calorimeter can be seen in
Figure 5.8 and Figure 5.9.
Before ignition in case of the reference system peaks of CH4 (3016 cm-1) and HCl (2644-3065 cm-1)
could be detected, while in peaks of H2O (1200-2100 and 3400-4000cm-1), CO2 (2336, 2363 cm-1) and
CO (2118, 2171 cm-1) were present in both of them. The peaks 2992, 1732, 1448, 1370 and 897 cm-1
observed in the spectra of AH-16 TEDAP are characteristic for burning polypropylene, so it can be
suspected that they originate from propyl compounds.
After ignition HCl, H2O, CO2 and CO was detected also in both cases. Beside the peaks of CH4 (3016,
1305 cm-1) characteristic peaks for acetylene (730, 3269 and 3323 cm-1) and ethylene (949 and 2958
cm-1) also appeared.
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From the absorbance values it could be determined that the flame retarded samples produce less CO
and CO2, which is in good agreement with the fact that the residual mass of AH-16 – TEDAP system
was 48.6%, compared to the 0.4% of the AH-16 – T-58 system.

Figure 5.8 MLC-IR spectra of AH-16–T-58 reference system

Figure 5.9 MLC-IR spectra of AH-16–TEDAP flame retarded system
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6 SUMMARY
Epoxy resins are widely applied materials in electronic, transport and aerospace industries due to their
excellent characteristics, nevertheless, having an organic matrix, their thermal and flame resistance
needs to be improved in many application areas.
Our aim was to synthesize phosphorus-containing phenolic and amine type flame retardants with high
phosphorus-content and high functionality to be reactively incorporated into the epoxy resin matrix
providing improved flame retardant performance in economic and environmental-friendly way.

The new scientific achievements of the experimental work are the followings:

1. A new, environmental-friendly and cost-effective one-pot synthesis method was developed for the
synthesis of phosphorus-containing amines. The starting materials, triethyl phosphate and
ethylenediamine are commercially available and produced in large quantities for other purposes, they
are not harmful to the environment and during the reaction no harmful by-products are formed. The
excess of ethylenediamine serves also as solvent in the reaction, which can be recycled during the
production. A new, not yet described compound called TEDAP was synthesized this way, which
serves both as crosslinking agent and flame retardant in epoxy resins.

2. It was determined that the main difference in the degradation of the reference and the flame
retardant system is that the degradation of the TEDAP-containing epoxy resin begins at a temperature
which is about 100°C lower than that of unmodified one, mainly with the emission of degradation
products of TEDAP, which was proved by TG-MS coupled technique. The evolved phosphoruscontaining gases act as flame retardant in the gas phase slowing down the further degradation steps:
the maximum value of derivative mass loss is 5x lower than in case of the reference system. Based on
the mass loss and XPS results of the solid residue it was determined that ~25 mass% of the originally
introduced phosphorus acts in gas phase, while the other 75 mass% stays in the solid phase.
It was stated that at high temperature degradation stage the solid phase effect of the phosphorus
prevails: the amount of emitted phosphorus-containing gases is negligible, while the formation of
phosphorocarbonaceous intumescent char results in a mass residue of 23.4%; whereas in case of the
reference system amount of residue is basically omissible. The enrichment of the intumescent char in
carbon and phosphorus was proved by XPS measurements.
According to these statements it can be concluded that the outstanding flame retardancy results can
be explained by the combined effect of phosphorus: at the beginning the gas phase action of
phosphorus is crucial for slowing down the degradation before ignition and thus increasing the time to
ignition to the double of the original value; while at high temperature degradation the solid phase
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action results in reduction of the peak of heat release rate to the 1/10 of the original value and an
increased mass residue.

3. A new method was developed for the complex mechanical and structural characterization of the
intumescent char allowing the numerical description of char volume, char strength and diameter of the
formed bubbles.
Comparing the AH-16 – T-58 reference and AH-16 – TEDAP flame retarded systems it was
determined that the flame retarded system forms significantly more char than the reference and the
char of the reference is a more rigid char, with bigger average bubble diameter, while the flame
retarded system provides a stronger, more uniform char with smaller average bubble size.
It was determined that incorporation of clay particles decreased the average bubble size resulting in a
more uniform char, especially in the reference system. No significant difference was observed in the
function of clay amount proving the dominance of the bubble nucleating effect of clays. The decrease
in average bubble size was proved by SEM images.

4. Concerning the clay particles it was furthermore stated that in the reference (non flame retarded)
system application of up to 5% clay particles does not modify significantly the crosslinking process and
the clay particles catalyze the beginning of the degradation, but they decrease the mass loss rate and
shift to higher temperatures the degradation process The best flame retardancy result was achieved
using 5 mass% untreated sepiolite, because it results in a percolating protecting structure on the
surface due to its fibrous structure.
In the flame retarded epoxy resin system the application of clays decreased the crosslinking density
due to the adsorption of polar TEDAP on the surface of the clays, especially in case of untreated
clays. It was stated that due to the applied clay particles the thermal degradation starts at higher
temperatures but reaches its maximum intensity faster producing more residue than the flame
retarded reference. Best fire retardant performance was reached applying 1 mass% of clay. MMT due
to its layered structure provides better gas barrier properties, therefore more oxygen is needed for
combustion, which explains the higher LOI values; while the fibrous SEP facilitates the formation of
heat insulating char structure, which results in lower HRR values.

5. Concerning the optimization of TEDAP-synthesis it was determined that the actual reaction time
depends on the required product: if a liquid product is needed with better crosslinking properties and
lower phosphorus-content is adequate, than less reaction time is enough and good quality vacuum is
needed for the vacuum-distillation; if, however, an oligomeric product with higher phosphorus-content
but weaker crosslinking properties is necessary, than longer reaction time is needed and there is no
strong restriction on the quality of the applied vacuum. The clay additives perform catalytic effect on
the oligomerization of TEDAP during the synthesis and also during the thermal degradation. This fact
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offers the advantage of not having to remove the catalyst from TEDAP and using it as flame retardant
additive again.

6. It was determined that the optimum of crosslinking density, mechanical properties and fire retardant
performance needs 4.5 mass% of phosphorus incorporated by TEDAP instead of the 3.5 mass%
originally determined on the base of the amine number of TEDAP. This optimized amount of TEDAP
provides the highest crosslinking density without reaching the level where the unreacted crosslinking
agent acts as plasticizing agent deteriorating the mechanical properties and therefore the fire retardant
performance as well. This way the LOI of the epoxy resin could be increased from 21 of the reference
epoxy resin system to 39 and the strictest safety regulations of the electronic industry can be fulfilled.
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