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ABSTRACT:

In the course of this doctoral work, a series of organophosphorus derivatives
were synthesised in order to deepen our understanding of the influence of the
environment around the phosphorus on the flame retardant mechanism. The Friedel-
Crafts reaction of PCl; with 2-hydroxybiphenyl, 2,2-dimethylpropane-1,3-diol and 2-
aminobiphenyl yielded the phosphorus chloride precursor of 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO), 5,5-dimethyl-[1,3,2]-dioxaphosphorinane-2-
oxide (DDPO) and 9,10-dihydro-9-aza-10-phosphaphenanthrene 10-oxide(DAPO)
respectively. The phosphorus chloride derivatives were then either hydrolised, oxidised,
or thionised to yield a series of molecules where the environment around the phosphorus
atom varied. The synthesized molecules were chemically incorporated(preformulation) in
phenol epoxy novolac (DEN 438) with different phosphorus concentrations. According
to standard EE processes, the modified resins were then cured using DICY as hardener

and Fenuron as acceleratot.

The influence of the chemical modification of the epoxy phenol novolac resin,
on the glass transition temperature (Tg) of the cured material, was investigated using
DSC. As a result of the decreasing number of epoxy functional group available for cross-
linking, the Tg decreased with increasing phosphorus loading. This effect was enhanced
when sulphur containing molecules were used. However, chemical modification with
DAPO only resulted in a negligible impact on Tg as the amine functionality could

contribute to the cross-linking.

The flame retardant efficiency of the modified resin with different phosphorus
loading was evualted using the UL-94 test, in accordance with the DIN IEC 60695-11-
10. All phosphorus derivatives improved the flame retardancy of phenol epoxy novolac
resin with comparable phosphorus loading to DOPO. However, 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-sulfide (DOPS) imparted UL-94 VO rating with only 1.0 %
phosphorus loading.

In order to further understand the role of the PO and PS radicals in the mode of
flame retardancy of DOPS, Limiting Oxygen Test (LOI) and thermal desorption mass
spectrometry (TD-MS) were carried out. TD-MS experiments revealed that PS and PO



radicals are released sequentially in the gas which can rationalise the better efficiency of
DOPS in comparison to DOPO. LOI experiments showed that the intumescent
mechanism of DDPO was reduced when sulphur replaced oxygen in 5,5-dimethyl-
[1,3,2]-dioxaphosphorinane-2-sulfide (DDPS).

Finally, a part of a cooperation with Prof. G. Camino (Politecnico di Torino,
Italy), a DOPO modified resin was cured in the presence of an organically modified
montmorrillonite nanoclay (Cloisite 30B), in an effort to understand the interactions
between DOPO and nanoclays and their impact on the flame retardancy of epoxy phenol
novolac. The flammability of cured materials was tested using UL-94 test, LOI and cone
calorimetry. The cone calorimeter enables to measure the heat released by the polymeric
material under controlled conditions, as well as the gases evolving from the combustion

process.

Vi



KURZFASSUNG:

Im Zuge der vorliegenden Promotionsarbeit wurde eine Serie verschiedener
phosphororganischer ~ Heterozyklen synthetisiert. Ziel war es, den Einfluss der
chemischen Umgebung des Phosphoratoms, sowohl auf die Flammschutzeigenschaften
als auch auf den Flammschutzmechanismus des Molekiils zu untersuchen. Durch eine
Friedel-Crafts Reaktion mit PCl; und 2-Hydroxybiphenyl, 2,2-Dimethylpropan-1,3-diol
sowie 2-Aminobiphenyl wurden die entsprechenden Phosphorchlorid-Vorstufen von
9,10-dihydro-9-oxa-10-phosphaphenanthren-10-oxid ~ (DOPO),  5,5-dimethyl-[1,3,2]-
dioxaphosphin-2-oxid (DDPO) sowie 9,10-dihydro-9-aza-10-phosphaphenanthren 10-
oxid (DAPO) in guten Ausbeuten erhalten werden. Durch Hydrolyse, Oxidation bzw.
Thionierung dieser Vorstufen wurde eine Serie unterschiedlicher Derivate mit
verschiedenen  chemischen = Umgebungen  dargestellt. Die  so  erhaltenen
phosphororganischen Verbindungen wurden durch an den Oxiranring mit dem Novolak
Epoxid Harz DEN 438 verbunden (Priformulierung). Auf diesem Wege wurde eine
Reihe von Priformulierungen mit unterschiedlichen Flammschutzmittelbeladungen

(ausgedriickt durch den prozentualen Phosphorgehalt) dargestellt.

Im Einklang mit der gingigen Praxis in der Herstellung elektronischer Bauteile
wurden die so modifizierten Epoxidharze mit DICY als Harter und Fenuron als
Beschleuniger ausgehirtet. Die Glasiibergangstemperatur (Tg) der fertigen Prifkorper
wurden mittels DSC Analyse untersucht. Durch die chemische Modifizirung des
Harzsystems stehen nicht mehr alle Oxiranfunktionen fir den Aushértungsprozess zur
Verfugung. Mit steigendem Phosphorgehalt hat dies einen sinkenden Tg zur Folge.
Dieser Effekt witd durch die Anwesenheit von Schwefel im Molekul verstirkt, was auf
das im Vergleich zu Sauerstoff weichere Schwefelatom zurtckzufthren ist
(Weichmachereffekt). Im Gegensatz dazu zeigt das bifunktionelle DAPO Molekil nur
einen minimalen Einfluss auf dem Tg woraus sich schlieen lisst, dass DAPO eine

verbriickende Eigenschaft besitzt.

Die Flammschutzeigenschaften der Epoxidharzprifkérper mit unterschiedlichen
Phosphorbeladungen wurden mittels des UL94-V Tests nach DIN Norm 60695-11-10

bewertet. Alle dargestellten Verbindungen zeigten mit DOPO als Referenz vergleichbare
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flammhemmende FEigenschaften in DEN 438. Besonders 9,10-dihydro-9-oxa-10-

phosphaphenanthren-10-sulfid (DOPS) besteht die geforderte Klassifikation VO mit nur
1.0% Phosphorbeladung.

Um die Bedeutung von PO und PS Radikalen wihrend eines Brandszenarios
niher zu untersuchen wurde DOPS mechanistischen Studien unterzogen. Zum einen
wurde der Limiting Oxygen Test (LOI) und zum anderen eine Thermodesorptions-
Massenspektroskopie (TD-MS) durchgefithrt. Speziell die TD-MS Untersuchungen
belegen die essentielle Bedeutung eben dieser reaktiven Intermediate in der Gasphase
und helfen somit den ausgezeichneten Flammschutz durch DOPS besser zu verstehen.
LOI Experimente konnten den Festphasenmechanismus von DDPO und seinen
Derivaten niher aufkliren. Der Intumeszenz-Charakter von DDPO sinkt, wenn
Sauerstoff durch Schwefel ersetzt wird. 5,5-Dimethyl-[1,3,2]-dioxaphosphin-2-sulfid

DDPS zeigt daher geringere Festphasenaktivitit und partielle Gasphasenaktivitit.

Zusitzlich wurde im Rahmen einer Kooperation mit Prof. Dr. G. Camino
(Politecnico di Torino, Italien), die Wechselwirkung zwischen DOPO und Nanoclay
(Montmorrillonit Cloisite 30B) genauer untersucht. DOPO wurde hierfiir mit einem
Novolak Harz priformuliert. AnschlieBend wurde Cloisite 30B eingearbeitet und das
Harz wie oben beschrieben ausgehirtet. Die Flammschutzeigenschaften dieser
Prifkorper wurden mittels LOI, UL94-V und einem Cone-Calorimeter untersucht. Das
Cone-Calorimeter liefert wertvolle Informationen tber z.B. den Wirmestrom und die

entstehenden Gase.
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CHAPTER 1: INTRODUCTION

This chapter constitutes part of the published review in Materials, 2010, 3, 4300-4327.

Since the first commercialisation of synthetic rubber, synthetic polymers have
been the subject of an ever-growing interest from both academia and industry. The
reinforcement of a large variety of polymer matrices (thermoset or thermoplast) with
fibres (glass, carbon, aramide and natural fibres) led to the gradual replacement of steel
and metal alloys by composite materials in a wide range of application such as
construction, transportation, aerospace, appliances and electrical and electronics."” Such
composite materials combine good chemical and physical properties with low density,
fatigue endurance, good thermal insulation and low thermal expansion.3 However, the
organic nature of the base polymer renders composite materials highly prone to fire." The
poor fire resistance of polymeric materials has caused 10 - 20 death per million
inhabitants in industrialised countries.” The increase of polymeric based materials in our
household has had a direct impact on our safety. A study carried out by the underwriter
lab reported that the escape time during a fire event has been reduced from 17 min to 3

min between 1977 and 2007.°

The term “epoxy resin” generally refers to uncured polymers containing one or
multiple oxiranes or epoxy groups. Even though the synthesis of epoxy compounds were
first reported in the 1890s, it is not until the 1940s that the first commercial application
of the reaction product of bisphenol A with epichlorohydrin in the presence of
anhydride was reported.’ Since the first patent from Ciba AG, the range of epoxy resins
was considerably broadenedwhile coatings still remain the main application of epoxy

resins.



H3C CH3

0
A + O + NaOH
HO OH

Epichlorohydrin Bisphenol A

HaC. CHa HsC. CHg
+ NaC
0 ) o 0 o%o
OH

Diglycidyl ether of bisphenol A (DGEBA)

Figure 1-1: Synthesis of diglycidyl ether of bisphenol A from epichlohydrin.3

Nowadays, the versatility of epoxy resin enables their use in a many applications

. . . . . . . 2
ranging from coatings, casting resins and adhesives to fibre reinforced composites.

A large portion of the epoxy composite material in electrical and electronic
applications can be found in printed wiring boards (PWB), also known as printed circuit
boards. However, as a result of the miniaturisation of portable devices, PWB are more
prone to overheating, self-ignition and in turn fire hazard. Without the addition of
chemicals that improve their resistance to fire, known as flame retardants, most
composite materials and PWB would fail to comply with fire safety regulations. Thus,
PWB are composed of 80 % flame retarded resin graded as FR-4 by the National
Electrical Manufactures Association (NEMA).” Such FR-4 composite materialsare glass-
fibre reinforced epoxy resins that meet flame retardancy standards (i.e. UL 94 —V0, LOI,
GWT, etc...)." During the first step of the fabrication of PWB, the glass is pre-treated
with coupling agents such as organosilanes to improve adhesion between the inorganic
glass and the organic resin.” In a separate container, the epoxy resin is mixed with
additives such as curing agents, accelerators, fillers and flame retardants. The woven glass
is then impregnated with the partially cured resin. The resulting partially cured reinforced
material is known as pre-peg. Multiple pre-pegs are then thermally pressed to obtain a
core. After assembly of several pre-pegs and cores, a layer of copper is electrodispersed
on the surface to form a copper-clad laminate. Then holes are drilled and the laminate

undergoes the soldering process (Schemel-1).
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Drilling
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Flame retardant

Scheme 1-1: Assembly fabrication of FR-4 printed wiring boards.8

The main epoxy resins used for EE applications are the bifunctional diglycidyl
ester of bisphenol A (DGEBA) which is used for semiconductor encapsulation and the
highly functional epoxy phenol novolac (Epoxy-PN) which is used for PWB (Figure
1-2).

Epoxy phenol novolac DGEBA

Figure 1-2: Commonly used epoxy resins for EE applications.

Epoxy resins used in EE are commonly cured by reacting the epoxy end group
with amines (a) or phenol novolac (b) (Figure 1-3).>” The polyaddition of the hardener
with the epoxy resin will then generate hydroxyl groups that can contribute to increasing

the cross-linking density of the cured resin."
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Figure 1-3: Newly formed bonds during curing of epoxy resins using: (a) amine or (b)
phenol-novolac.

Different hardeners are used depending on the requirements of the application.
In FR-4 laminates, dicyandiamide (DICY) and phenol novolac (PN) are mostly used
(Figure 1-4)."

NH o° OH OH OH
AL en
HN™ N
H
NH, NH, n
DICY DDS DDM Phenol novolac (PN)

Figure 1-4: Regularly used hardeners for epoxy resins.

1.1 Flame retardants in electronic applications

Epoxy resins used in electronic application are rendered flame retardant by
replacement of a part of the polymer by a flame-retardant bromine containing
monomer.'? Until recently, the majority of the flame retardants used for electrical and
electronic applications were halogen based and tetrabromobisphenol A (TBBPA) (Figure
1-5) remains the most commonly used flame retardant. Like most halogen based flame
retardants, under thermal stress, TBBPA decomposes to yield volatile halogenated
radicals. The latter will scavenge the hydrogen radicals present in the flame to form non-
flammable gas that will dilute the flame oxidants and in turn lead to the interruption of
the flame cycle."” Despite their beneficial impact on the fire resistance of polymers, the
production of halogenated gas during the fire scenario has been subject to concerns as
they increase the amount of toxic gases (CO, or HBr)."” The addition of TBBPA in the
list of persistent, bio-accumulating toxins (PBT) has stimulated the gradual phasing-out

and replacement of halogenated flame retardants.'*"
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Br Br
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Figure 1-5: Structure of tetrabromobisphenol A.

In February 2003, the Waste Electrical and Electronic Equipment (WEEE)
directive and the Restriction of the use of certain Hazardous Substances (RoHS)
guideline were introduced.'”'” The WEEE directive deals with the recycling and further
processing of electronic waste and stipulates the separation of bromine containing
plastics from other plastic waste while the RoHS guideline restricts the use of hazardous
compounds including polybrominated biphenyl and polybrominated diphenyl ether.'®"”
Heavy metals such as cadmium, chromium, mercury and lead were later added to the list
of restricted compounds.'” The addition of lead to the list of restricted compound had a
direct impact on the development of flame retardants alternatives. The introduction of
lead-free soldering techniques was accompanied by an increase of processing temperature
(~ 40°C) which in turn required the additives used to have a higher thermal stability. The
Registration, Evaluation and Authorization of Chemicals (REACH) directive introduced
in 2000, states that only registered flame retardant chemicals that underwent various tests
concerning emissions and possible end-of-life issues can be used. In order to comply
with WEEE, RoHS, and REACH directives, an increasing number of companies

introduced alternative flame retardants to their portfolio.

The emergence of developing countries such as China and India has led to a
rising demand of electrical and electronic products. The ever-growing market of portable
devices such as cell-phones and computers resulted in a significant increase in the
production of plastic for electrical and electronic applications, which represents one of
the main applications of epoxy resin composite. A market study carried out by the
Freedomia Group, Inc. announced that the global demand for flame retardant additives

will grow to 2.2 million metric tons in 2014.%
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Figure 1-6: Predicted world flame retardant demand (in 1000 metric tonnes) for 2014 by
The Freedomia Group Inc.

Hence, in the last decade, there has been considerable effort invested towards the
development of new environmentally friendlier flame retardants used in electronic and
electrical applications. Figure 1-7 shows a survey of the literature with SciFinder dealing
with flame retardant research. Since the beginning of the century, the number of
publications has more than doubled. This is indicative of the cumulative effort from the

scientific community to answer the flame retardant demand.
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Figure 1-7: Overview of the publications dealing with flame retardancy (Sci Finder).



1.2 Combustion of polymer

Before discussing the different flame retardants and their mode of action in
further detail, the mechanism of fire spreading and thermal degradation of a polymer
must be understood. Three components are required for a flame to spread on a polymer
surface: a heat source (flame), fuel (combustible pyrolysis product) and an oxidant
(oxygen).” Under thermal stress, polymers form radical species that in turn lead to the
formation of volatile combustibles and oxygen feeding the flame in the gas phase
(Scheme 1-1).*' Further reaction of the non-volatile species in the condensed phase then
lead to the formation of a thermally cross-linked char-like material that is much less

flammable than the original polymer.”

Initiation RH e R + H
Propagation R +0, —> RO,

RO, + RH —> ROOH + R
Termination R +R —» R-R

RO, + R —  ROOR
Chain branching ROOH — > RO + OH

Scheme 1-2: Decomposition of polymer matrix.

In the case of epoxy resin materials, the first step is the dehydration or the
dehydrogenation of the secondary alcohol functionality formed during the curing process
(Scheme 1-3). The newly formed unsaturated amine either undergoes isomerisation
followed by an allylic-oxygen bond scission or a direct allylic-nitrogen bond scission
depending on the curing agent used.'””* The volatile particles formed can then

contribute to further polymer degradation (propagation) or chatring (termination).”
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Scheme 1-3 Thermal degradation paths of an amine cured epoxy resin.26

) ~ew,

Both the nature of the resin and the hardener determine the thermal stability of
the cured resin. When a sample of DGEBA cured with DICY is exposed to fire,
significant dripping is observed which prevents it from passing UL 94-VO rating.
However, when epoxy novolac resins are cured using the same hardener, no dripping is
observed. Under thermal stress, DGEBA polymer will undergo main chain scission
resulting in the formation of smaller polymer chains. The shorter polymer chains formed
have lower Tg and will therefore melt and drip off the burning polymer. In contrast,
when the highly cross-linked cured epoxy novolac resin undergoes chain scission, the
polymer chain length does not endure such a drastic shortening. Hence, no dripping is

observed.”

1.3 Mechanism of flame retardancy

The fire resistance of the cured resin can however be improved by the addition
of a flame retardant. Thus, it is important to know that every application demands a
different formulation (using different resins, hardeners and fire retardants). As shown in
the flame cycle (Scheme 1-4) there are different steps where a fire scenario can be
stopped. The flame retardant can either interact with the combustible substance, the

oxidising gas or the heat.
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Scheme 1-4.Combustion cycle of a polymer fire. Red marks represent the main
approaches to extinguish a fire scenario.

The mode of action of flame retardants can be separated in different

mechanism:

21,22

Dilution: Non-flammable inorganic material is introduced in the
formulation such that the total quantity of combustible material is

reduced which improves the flame retardation of the material.”

Generation of non-combustible gases: the added flame retardants
decompose under thermal exposure to yield non-combustible gases that
decrease the concentration of oxygen at the front of the flame. The lack
of oxygen results in a reduction of the flame and is followed by

. . 28
extinction.

Free-radical scavenging: the combustion of the flame retarded polymer
generates the formation of active fragments in the condensed phase.
When those fragments volatilise in the gas-phase, they can react with
oxygen to form non-flammable gases. Scheme 4 demonstrates how

halogenated flame retardants react through such mechamisn.



X + RH HX + R
H + HX H, + X
HO + HX H,O + X

Scheme 1-5: Gas phase reaction of halogenated flame retardants (X = Cl, Br).12

e Char formation: under thermal exposure the formation of a thermally
stable layer at the surface of polymer can be enhanced by the presence of
a flame retardant. This insulating char layer reduces the volatilisation of
the reactive fragments and prevents the heat from reaching the

combustible polymer.'>*

1.4 Alternative to halogen flame retardants

As mentioned in section 1.2, the introduction of legal directive restricting the use
of halogenated flame retardants, stimulated the flame retardant community to develop
environmentally friendlier alternatives. This section will give a brief overview of the three
main classes of non-halogenated flame retardants and their flame retardant mechanism.
For a more detailed discussion, several reviews and book chapters have been published

on this subject.”"*

1.4.1 Inorganic flame retardants

The most common inorganic flame retardants are metal hydroxide such as
Aluminum hydroxide (ATH), Boehmite and magnesium hydroxide (MDH). They are
relatively inexpensive and environmentally friendly. During a fire scenario, metal
hydroxides decompose to metal oxides and water in a highly endothermic reaction. The
deviation of energy, away from the ignition source, leads to the interruption in the flame
cycle and consequently to the extinguishment of the flame. Moreover, the water
produced during the decomposition evaporates, thus cooling the polymer surface and
diluting the burnable gases.” However, due to their relatively low flame retardant
efficiency, high loading (~30-60 %) are necessary, which has a negative impact on the
physical properties of the cured resin. The thermal stability of ATH has proved
problematic when lead-free soldering was introduced. Indeed, ATH starts to decompose
at 250 °C, releasing water and leading to the delamination of the epoxy resin composite

during the soldering process.
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The use of nanocomposite materials such as nanoclays based on magnesium-
aluminium hydroxide layers (Montmorillonite) or nanostructured polyhedral oligomeric
silsesquioxane (POSS) have been subject to increasing interest.”*’ Organically modified
nanoclay have demonstrated promising flame retardant results in epoxy resins both with
and without other flame retardant additives. The use of nanoclay allows a lower loading
of mineral flame retardant. Nanoclays are reported to reduce the relative heat release rate
(HRR) which is directly related to the flame spreading ability. They are also found to

reduce the smoke generation and promote the char formation.” """

1.4.2 Nitrogen-based flame retardants

The most commonly used nitrogen based flame retardant in EE application is
melamine based. Under thermal stress, melamine is thought to favour the formation of
non-flammable cross-linked structures that act as a thermal barrier (charring).
Simultaneously, the release of molecular nitrogen and NH; in the flame can contribute to

the dilution of the flammable particles.29’44’4(’

1.4.3 Phosphorus-based flame retardants

Most of the literature dealing with non-halogenated flame retardant focuses on

. . -50
phosphorus  derivatives."™

Both additive and reactive phosphorus compounds
demonstrated good flame retardant efficiency in epoxy resin systems. Under thermal
stress, phosphorus derivatives tend to oxidise to form phosphorus pentoxide (P,O).”"”
The latter undergoes hydrolysis to yield polyphosphoric acid (H,P,O,) that can catalyse
the formation of carboneous char. Non-halogenated phosphorus flame retardant were
found to have an environmentally friendly profile.*”! 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO )and its hydroquinone derivative (DOPO-HQ)

are both commercially available reactive organophosphorus flame retardant for EE

applications.

11
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Figure 1-8: Commercially available organophosphorus flame retardants for EE
application.

The reactive P-H bond of DOPO allows its chemical incorporation in the epoxy
resinsalso known as a fusion process (Section 4.1). The direct bond between the flame
retardant and the epoxy resin remove the concerns about the possible leaching out of the

phosphorus compound into the environment also known as blooming.

Even though both gas phase and condensed were reported for phosphorus flame

retardants, in the case of DOPO the gas phase mechanism is thought to be predominant.

HPO

H* + PO*
DOPO-H®* —— PO" + DBF
DOPO ——— HPO + DBF

DOPO —————= He + DOPHO-He

DOPO + H*—— > H, + DOPO-He

DOPO + OH® ——  H,0 + DOPO-H® O O

DOPO + H —— PO® + Hz + DBF
DBF

DOPO + OH' PO®* + H,O + DBF

Scheme 1-6: Proposed mechanism for flame retardant reactivity of DOPO in the gas
phase.

Theoretically, chemical tailoring of the phosphorus derivatives can favour one
flame retardant mechanism over the other. However, reports on the chemical tailoring of

phosphorusderivatives for specific flame retardant mechanism remain scarce.

1.5 Objectives

The aim of the work presented in this thesis is to synthesise and investigate a
variety of heterocyclic organophosphorus compounds that act as flame retardants for

epoxy resin systems used in the electrical and electronic applications.
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In order to investigate the influence of the environment around the phosphorus
atom on the flame retardancy, the synthesis of heterocyclic organophosphorus
compounds containing nitrogen and sulphur atom with similar structure to DOPO will

be presented.

Prior to investigating their flame retardant activity, the reactivity of the newly
synthesised compounds will be tested and compared to other organophosphorus

molecules.

Then, the synthesised heterocyclic organophosphorus compounds will be grafted
onto epoxy resins. The grafted resin will be cured using the similar hardener and
accelerator system used for printed wiring board. Finally, the flame retardant properties
of the new organophosphorus compounds will be investigated and compared to those of

DOPO.
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CHAPTER 2: EVALUATION OF FLAME RETARDANCY

The following describes the different techniques used to assess the flame

retardancy of epoxy resin systems including composite materials.

2.1 Thermal Gravimetry Analysis (TGA)

TGA determines the thermal stability of the cured formulation by monitoring the
loss of mass of a heated sample with increasing temperature. When discussing the flame
retardancy of a polymer, one commonly quotes the decomposition temperature (Td),
which represents the temperature at which 10 % of the initial weight is lost. The charring
ability of the formulation can also be extrapolated from the residual weight once all solid

is thermally stable (T> 600 °C).

2.2 Differential Scanning Calorimetry (DSC)

DSC measures the difference between the amount of heat required to increase
the temperature of a sample and a reference as a function of time or temperature. In
polymer science, DSC enables to determine the glass transition temperature of the cured
formulation (Tg). The Tg of the formulation containing modified resin should vary as

little as possible from the pristine resin.

2.3 UL 94 test

UL 94 test is a common test for flame retardancy. It measures the flammability of
a material by a defined ignition source. During the test, a small sample (13 mm width x 4
mm thick x 50 -125 mm high) is exposed for 10 s, either vertical or horizontally, to a
small calibrated Bunsen burner flame (25 mm of height). To test a specific formulation,
five samples are ignited twice and the time to extinguishment after each ignition is
recorded. The flammability is rated as a function of the time the specimen keeps on
burning after the removal of the flame and the total time to extinguishment to the set of
five samples (Table 2-1). A material is considered non-flammable once it is classified as

VO (ISO 1210).

14
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— b
> c

Figure 2-1: Schematic representation of the apparatus set-up for UL 94 vertical test. a)
sample; b) bunsen burner; c) cotton.

Table 2-1: Definition of UL 94 Vertical test classifications.

Classification VO V1 V2 n.c.
Afterflame time t1 <10s <30s <30s >30s
Afterflame time t2 <30s <60s <60s -
Afterflame time, 10 flame applications < 50s <250s <250s >250s
Ignition of cotton No No Yes Yes

2.4 Oxygen Index Test

LOI measures the minimum concentration of oxygen in the atmosphere required
to maintain a candle like burning of a material. Materials with a higher LOI value are less
flammable. Materials with LOI under 21 %, which is the concentration of oxygen in
air,are considered as flammable (ISO 4589-2). On the other hand, materials with LOI
over 26 % are considered self-extinguishing.

[02]

Lor=ro0= [N2]
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Figure 2-2: Schematic represention of the set-up apparatus for the oxygen index test. a)
flame source; b) sample.>?

2.5 Cone Calorimetry

Similarly to UL 94 and LLOI, cone calorimetry is another standard test to evaluate
the flame retardancy of a material. This technique is based on the fact that the heat
output during the combustion of materials is almost always directly proportional to the
consumption of oxygen (13. 6 kJ/ g O,).While a specimen of specific dimensionsis
exposed to a controlled radiant heat flux, the rate of the gas flow and the concentration
of oxygen are measured and the rate of heat release and the effective heat of combustion
can be extrapolated (ISO 5660 Part 1).This allows to determine how fast a fire will spread
on a material once it has been lit. Simultaneously, the weight loss of the specimen, as well
as the concentration of gases evolved (e.g. CO, CO,, H,O, HCN, HCI, HBr, SO,, NOx

and other volatile carbonous molecules) are monitored.
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Figure 2-3: Schematic representation of the apparatus set up for cone calorimetric
measurements.52

2.6 Thermal desorption Mass Spectroscopy (TD-MS)

Thermal desorption mass spectroscopy is used to observe the volatile
decomposition products of polymers when exposed to a heat flux. The extrapolated
dataallows an insight in theflame retardant mechanism. During the experiment, a small
amount of flame retardant polymer is place into a stainless steel crucible. The crucible is
then heated under high vacuum using a thermal element and the molecular weight of

volatile decomposition products are monitored by a mass spectrometer.

In the case of phosphorus based flame retardants, volatile fragments containing
phosphorus such as PO, POO" and HPO are plotted against the temperature. This
enable to grasp a deeper understand of the mechanism of action and decomposition of

phosphorus flame retardants.”*
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CHAPTER 3: SYNTHESIS OF ORGANOPHOSPHORUS
COMPOUNDS

The section below describes the efforts invested toward the synthesis of
heterocyclic organophosphorus compounds with different chemical environment around

the phosphorus atom that could act as flame retardants for epoxy resins used in PWB.

3.1 Introduction

Since the pioneering work of Michealis and Arbuzov in the late 19" and early 20"
century, the field of organophosphorus chemistry has been the subject of extensive
research activity.” The discovery of the insecticidal activity of a number of phosphoric
acid and phosphonic ester highly contributed to the development of new phosphorous
derivatives. Nowadays, organophosphorus derivatives can be found in a wide spectrum

of applications such as agrochemicals, catalysis, pharmaceutical and flame retardants.”"

The majority of phosphorus compounds are synthesised using phosphorus
chlorides, white phosphorus or red phosphorus as reactants.”” For instance, as shown in
figure 3-1, the commercially available flame retardant 9,10-dihydro-10-
oxaphosphophenanthrene-10 oxide (DOPO) is synthesised by phosphorylation of 2-
hydroxybiphenyl with PCl, followed by a intramolecular Friedel-Crafts alkylation to form
the phosphonous chloride (DOP-CI) that undergoes hydrolysis with water to yield the

phosphinate (DOPO).
(- (- By
OH p-© H,0 P-h

PC|3 ZnCI2 | |

g () o8

DOP-CI DOPO
3 1

Figure 3-1: Synthesis of DOPO from 2-hydroxy biphenyl.

The phosphorus atom can undergo a series of chemical reactions to form new P-
O, P-C or P-N bonds. The two most common methods to obtain new P-C bonds are the

Michaelis-Becker reaction and the Michealis-Arbuzov reaction, commonly referred to as
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the Arbuzov reaction (Figure 3-2). In the case of the Arbuzov reaction (Figure 3-2b), the
phosphonic acid is formed by alkylation of a trialkyl phosphite. In the first case, the
acidic proton of a dialkyl ester of phosphorus acid is removed using a strong base (Figure
3-2a). The formed anion act as a nucleophile in the presence of an alkylhalide to yield the

corresponding phosphonic acid via rearrangement.

a)
X Base O@ /—\ R2'2<_/ X

I
0=P-OR! PS —b_Apl
R2
b) N
X 5. X R%-X « R% % X
P w-Os 01 0=P—X
! 1 ,P\v R ,2
OR Xy R

Figure 3-2: Mechanism of formation of phosphonic acid derivatives via a) Michaelis-
Becker reaction and b) Arbusov reaction.

Phosphinates, such as DOPO, are also known to form anions in the presence of
base. The strong nucleophile formed allows addition reactions to o,B-unsaturated
systems (i.e. Pudovik reaction) or carbonyl groups (i.e. Abramov reaction). The

nucleophilicity of the phosphonate has been used to functional epoxy resin.”

3.2 6H-dibenzo]c,e][1,2]oxaphosphinine 6-sulfide (DOPS)
derivatives

This section was previously published in Heterocycles 2011, 83(4), 743-753.

3.2.1 Synthesis of 6H-dibenzo[c,e][1,2]oxaphosphinine 6-sulfide

To the best of our knowledge, 6H-dibenzo|se|[1,2]oxaphosphinine 6-sulfide (4)
had never been synthesised prior to our study. Krawiecki and Michalski showed that
dialkyl phosphochloridates react readily with hydrogen sulphide in the presence of
tertiary amines to yield tetra-alkyl thiopyrophosphates.” This method was then
successfully used by Zwierzak to obtain a series of cyclic hydrogen thiophosphites.®
Therefore, our first synthetic approach consisted of reacting DOP-CI and hydrogen
sulphide gas as a source of sulphur in the presence of triethylamine (Scheme 3-1).
Concentration of the reaction mixture z wvacuo after removal of the formed
triethylamonium salt yielded a white crystalline solid. Similarly to 9,10-dihydro-9-oxa-10-

phosphaphenanthrene-10-oxide (1), the "H-NMR spectrum of the obtained solid showed
a doublet in the aromatic region (8= 8.4 ppm) with a large coupling ('], ;= 536 Hz) that
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was associated with a P-H bond (Figure 3-3). An additional 8 aromatic protons associated
with the rigid phosphaphenanthrene structure were also observed in the 'H-NMR
spectrum. The *'P-NMR spectrum showed a single peak (8 = 57.1 ppm) and the major
peak in the mass spectra was at m/z= 232 strongly suggesting that the isolated product
was the target molecule (4). The 'H-NMR spectrum of (4) revealed well resolved signals
which can be attributed »a 2-D COSY methods involving both H-H (gCOSY,
gDQFCOSY) and C-H correlations (gHSQC and gHMBC) (Figure 3-4).

H,0 ! H,S, Tol., 25 °C

- | —_—
C sulRe
o o
T _H DOP-CI L —H
R 3 R\
o P,Ss, or Lawesson's Reagent S

DOPO Tol., 55°C

DOPS
4

Scheme 3-1: Synthesis of 6 H-dibenzo|c,¢][1,2] oxaphosphinine 6-sulfide (4) from 10-
chloro-10H-9-o0xa-10-phospha-phenanthrene (DOP-CI) and 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (1).

a) *
E3
)L_//
7
- e e e
o w = o o on
ey o o o o oo
k] 3 3 8 5 88
I/
I 1 l i i l
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b)
. %
| MMM\
- e e e e
o = NN = = 1
B~ =] [~ o = [~ N o
& 8 3 8 4 & 3
/]
‘ \,I T ‘ T T T T ‘ T T T
9.00 8.00 7.50

ppm (1)
Figure 3-3: TH NMR spectra of a) 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide

(1) and b) 6H-dibenzo[c,e][1,2]oxaphosphinine 6-sulfide (4) in CDCl;. * emphasize the
doublets corresponding to the P-H bond.
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Figure 3-4: H,H-gCOSY of 6 H-dibenzo[c,e][1,2] oxaphosphinine 6-sulfide (4) in CDCl;.

Slow diffusion of a concentrated solution of (4) in dry dichloromethane into
pentane yielded a single crystal that indisputably confirmed the isolation of the target
molecule (Figure 3-5). The structure of (4) is similar to its parent oxide molecule (1)
however (4) has an increased solubility in most organic solvents which is advantageous

for formulations.®!

Figure 3-5: View of the molecular structure of (4) in the crystal, aromatic H atoms and
solvent molecules omitted due to reasons of clarity. Selected bond lengths [pm]: (7) S1-P
190.94 (4), O1-P 161.77 (5), P-H1138.03 (3).

However, during this synthesis, the use of large amounts of H,S was not

desirable as its toxicity is similar to that of hydrogen cyanide.” The two most commonly

used sources of sulphur are phosphorus pentasulfide and Lawesson reagent.(’3 The use of
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such thionation agents solved the toxicity issue and also allowed the use of the
commercially available (1) as a starting material rather than DOP-CI (3) which is highly
air and moisture sensitive. Both thionation agents successfully yielded the desired
molecule, however the yields were lower as side reactions occurred yielded a mixture of
by-products that could not be separated for the target compound which is detrimental

for further commercialisation.

3.2.2 Pudovik reaction of 6H-dibenzo[c,e][1,2]oxaphosphinine 6-sulfide

With several practical ways to synthesize molecule (4) in hand, we initiated the
comparison of its reactivity with the parent phosphine oxide molecule (1) whose
chemistry mainly involves the reactivity of the P-H bond. P-H bond are known to
undergo nucleophilic addition onto unsaturated functionalities such as carbonyl group
and acrylates.” The parent molecule (1) was reported to produce the hydroquinone
derivative in very good yield when heated in toluene in presence of benzoquinone.”*

The Pudovik product of DOPO with benzoquinone was reported to impart flame

retardance to epoxy resins without detrimental impact on the glass transition

66 ~
temperature.” Hence, benzoquinone was chosen as o,-unsaturated carbonyl to assess

the reactivity of (4). When a solution of (4) was heated in the presence of equimolar
amounts of benzoquinone, a single product from a Pudovik reaction could be isolated in

high yields (Figure 3-6).”

® i L ¢
o Tol., 110°C o
I ~H + > T
R R
S S
(@] HO
)

5 (74%

Figure 3-6: Synthesis of compounds (5) from (4).

3.2.3 Atherton-Todd reaction of 6H-dibenzo]c,e][1,2]oxaphosphinine 6-
sulfide

Another organophosphorous reaction involving the reactive phosphorous-
hydrogen bond in phosphites and phosphonites is the Atherton-Todd reaction.”””" The
Atherton-Todd reaction, usually involving dialkyl and diaryl phosphites in the presence

of carbon tetrachloride and a base, is known as an effective way to access functionalised
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phosphine oxides, in particular phosphoramidates which are an important and versatile

class of chemicals.

However, this reaction remains relatively unexplored for phosphorous sulfides.
In an effort to deepen our understanding of its reactivity, (4) was reacted with different

nucleophiles using the Atherton-Todd approach as shown in Scheme 3-2.*

O o CCl,, NEts O o HNuc l o
| —_— ] —_— —Nuc

RM  cHel, 0°C R R

(s (s S
4 6 7; Nuc = CgHgO (71%)

8; Nuc = CgHygN (82%)
9; Nuc = CgHoN (87%)

Scheme 3-2: Atherton-Todd approach of (4).

With this intention, (4) was dissolved in chloroform and carbon tetrachloride
then a solution of triethylamine and a nucleophile diluted in chloroform was added drop
wise. The different nucleophiles: 2-phenylethylamine, piperidine and 2-phenylethanol
were chosen as models for primary and secondary amines as well as primary alcohols
respectively (Scheme 3-2). All three desired products were obtained in good yields with
fast reaction times (below 60 minutes). Hence, (4) proved to be an efficient reagent for
the Atherton-Todd reaction. The 7 situ formation of 10-chloro-9-oxa-10-phospha-
phenanthrene 10-sulfide (6) can be observed using NMR spectroscopy (& ('P, CDCl,)
74.5 ppm) and HR-MS analysis (calculated for [“C,H;OSP,;CI" 265.9722, found
265.9688).Even though primary alcohols are known to be problematic substrates for the
Atherton-Todd reaction, the formation of compound (7) was observed in good yields.”
Crystal structures of molecules (7), (8) and (9) were also obtained and indisputably verify
the desired molecules. Figure 3-7 presents the crystal structures and selected bond
lengths and torsion angles. The relatively low torsion angles are indicative of
delocalisation. The P=S bond length in compound (7) was 191.1 pm (8(P=S): 193.6 pm,
9(P=S): 191.9 pm) which coincides with parent structures.””” The aliphatic phosphorus
oxygen bond in (7) was 158.5 pm which was in agreement with the literature.”™ The
length of phosphorus nitrogen bond in molecule (8) (162.0 pm) and (9) (163.7 pm) is

also comparable to similar structures. " This set of experiments demonstrated that the

*Molecules 5 and 7 were synthesised by Sebastian Wagner
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Atherton-Todd reaction can be exploited to access different phosphine sulphide

molecules.

Figure 3-7: View of the molecular structure of (7), (8) and (9) in the crystal, H atoms and
solvent molecules omitted due to reasons of clarity. Selected bond lengths [pm] and
torsion angles [°]: (7) S1-P 191.15(4), O2-P 158.57(4), S1-P-O2-C13 37.72; (8) S1-P
193.65(6), N1-P 162.06(4), S1 P-N1-C13 10.07; (9) S1-P 191.96(6), N1-P 163.71(4), S1-P-N1-
C13 20.40.
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3.3 5,5-Dimethyl-[1,3,2]-dioxaphosphirane-2-sulfide (DDPS)
derivatives
The relative ease of access to DOPS, motivated to investigate the possible
thionation of other organophosphorus compounds used as flame retardant for epoxy

resin materials.

5,5-dimethyl-[1,3,2]dioxophosphorinane 2-oxide (DDPO) (10) is another relevant
organophosphorus flame retardant.” It is reported to successfully flameproof, cellulose
materials, polyurethanes and more recently epoxy resins.”* DDPO was reported to
increase the flame retardancy of DEN 438 and DGEBA resins.*' Similarly to DOPO,
under thermal stress, DDPO produces phosphonic acids that promote the formation of
carboneous char. However, unlike DOPO, the condensed phase mechanism is
predominant.®’ In order to compare the influence of sulphur on the mode of action, the

synthesis of sulfide derivatives of DDPO was initiated.

3.3.1 Synthesis of 5,5-dimethyl-[1,3,2]dioxophosphorinane 2-thionic

acid

First, as seen in Figure 3-8, DDPO" was heated in toluene in the presence of
equimolar amount of sulphur.” Concentration of the yellow solution iz vacuo yielded a
shiny yellow powder. The absence of the doublet at 6.89 ppm (J, ;= 676 Hz) in the'H-
NMR spectrum of the obtained powder confirmed that the P-H bond had reacted. In
addition, the presence of a broad singlet at 8.08 ppm indicated the presence of a —OH
functionality. The molecular ion peak at m/z = 182.01 in high resolution mass spectrum
confirmed the synthesis of the target molecule DDPS-OH (11). This confirmed that

DDPO could undergo thionation reaction in a similar way to DOPO.”

o, H S, OH
/P\ 881 Tol O/P\O
% 110°C
74 %
DDPO DDPS-OH
10 11

Figure 3-8: Synthesis of DDPS-OH (11) from DDPO (10).

b Compound 10 was kindly provided by Patrick Mueller and Kai Stoess.
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3.3.2 Synthesis of 5,5-dimethyl-[1,3,2]dioxophosphorinane 2-sulfide

The second target sulphur derivative of DDPO was the sulphide derivative 5,5-
dimethyl-[1,3,2]dioxophosphorinane 2-sulfide (DDPS). H,S was bubbled through a
solution of DDP-CI (12) in toluene in the presence of triethylamine (Figure 3-9).°"%%
After removal of the formed triethylamonium chloride salt by filtration, the reaction
mixture was concentrated / vacuo to yield a white crystalline solid. The NMR spectrum of
the obtained product showed the presence of a doublet at 7.77 ppm (J, ;= 601 MHz)
that was indicative of the presence of a P-H bond.* In addition, the successful oxidation

of the trivalent phosphorus atom was confirmed by a significant shift in the *'P-NMR
from 147.7 ppm to 67.3 ppm, indicative of the conversion of P(I1T) in DDP-CI to P(V).*
The shift from the oxide detivative (3(CDCL,)= 4.35 ppm) towards lower fields suggested
that the phosphorus atom was in a more shielded environment and was in agreement
with the newly synthesised DOPS (4) report in section 3.2. The synthesis of the target
molecule was confirmed with the HR mass spectrum that showed an ion peak at m/z =
166.18 attributed to DDPS (13). Similarly to DOPS, DDPS could be synthesised by
thionation of DDPO using P.S; as a thionating agent. However, a mixture of products

was formed and their separation was cumbersome.

Gl S, H
o™o H,S, Tol. o ™o
% EtsN

84 %
DDP-CI DDPS
12 13

Figure 3-9: Synthesis of DDPS (13) from DDP-CI (12).

3.3.3 Pudovik reaction of 5,5-dimethyl-[1,3,2]dioxophosphorinane 2-
sulfide

In order to test the reactivity of the P-H bond, DDPS was dissolved in toluene
reacted with benzoquinone under mild heating. Similarly to DOPO, the absence of the
doublet in the '"H-NMR spectrum of the crude product indicated that the P-H bond had
reacted. However, the *P-NMR spectrum of the reaction mixture showed the presence
of two organophosphorus compounds (figure 3-10). Mass spectroscopic analysis of the

product mixture showed two major ion peaks. The peak at m/z = 274.04 was associated
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with the target addition product of DDPS to benzoquinone #iz a Pudovik reaction (14).
The second peak, at m/z = 438.05, was associated with a double addition of DDPS to
benzoquinone (15). Nonetheless, the successful Pudovik reaction demonstrated that the
P-H bond could potentially react with catalytic amount of base, thus allowing DDPS to
act as a nucleophile without losing the sulphur moiety. Hence, DDPS could potentially
be grafted onto epoxy moieties. The reaction of DDPO with benzoquinone in toluene
was also reported to yield to addition products.” However, in the latter case, the single
addition product could be isolated in relatively good yields. Efforts to reproduce this
synthesis however, yielded the double-addition product as the major compound.” In
addition, unlike suggested by Worku e a/, X-Ray analysis of a single crystal confirmed
that the addition of the second phosphorus moiety occurred at the ortho position to the

first phosphorus moiety.*’

Q HO 0
o Q _sss
0 Tol, 60 °C \ P N
R o) o
+ JRCH e —— B\ +
0 oS HO OH
o OH

<5% 5%
DDPS-HQ DDPS,-HQ
13 14 15

Figure 3-10: Reactivity of DDPS with benzoquinone.

3.4 9,10-dihydro-9-azaphosphaphenanthrene-10- oxide (DAPO)

derivatives
Our group has investigated a series of phosphacylcic analogues to phenanthrene

and anthracene (Figure 3-11)."*" As with DPPA, the introduction of the amine
functionality in the phosphaphenanthrene cycle would result in a bifunctional reactive
material that could simultaneously be used as a flame retardant and a cross-linker.*”” Such
bifunctional additives would therefore remove the necessity of adding an extra flame

retardant, thus reducing the possible detrimental effect of on the material properties.
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DOPO-R DPPO-R DPPA-R DDPO-R
R=H, Alkyl, O-alkyl, O-aryl, NH-alkyl,NH-aryl

Figure 3-11: Heterocyclic phosphorus substrates investigated as HFFR in epoxy resins.

In order to investigate the influence of an amine functionality on the flame
retardancy of the phosphaphenanthrene cycle, 9,10-dihydro-9-azaphosphaphenanthrene-
10- oxide (DAPO) (16) was synthesised. The synthesis of DAPO from 2-aminobiphenyl
was previously reported by Dewar and Kubba as well as Campbell and Way.””'
However, the large discrepancy in the melting points of the hydrolised compounds

reported combined with the lack of NMR analysis prompted the investigation of the

reaction conditions.

First, the synthesis of DAPO was attempted in a one-pot reaction of 2-
aminobiphenyl with equimolar amount of phosphorus trichloride in refluxing benzene,
to form the dichlorophosphine derivative followed by a Friedel-Crafts reaction in the
presence of a AlCI; to yield the azaphosphaphenanthrene chloride derivative (DAP-CI).
Then, similarly to Dewar and Kubba, a solution of the cyclic phosphine chloride in
dichloromethane was washed with water in order to form the target
azaphosphaphenanthrene oxide DAPO. However, 'H-NMR analysis of the solid isolated
after hydrolysis showed only the presence of the starting material. This suggested either

that the cyclisation was not complete or that the P-N bond was highly water sensitive.

In order to further understand the formation of the phosphine chloride,
alternative reaction conditions were investigated. The use of ZnCl,, used for the
cyclisation of DOP-CI, instead of AICl;, as Friedel-Crafts catalyst also failed to yield the
target molecule.”” The use of PCl, as a solvent followed by a Friedel-Crafts alkylation in
the presence of catalytic amount of AlCl;, successfully yielded a single heterocyclic
organophosphorus molecule that rapidly hydrolised with air (8’'P = 84.2 ppm in CDCL,).
Mass spectroscopy confirmed that the synthesised compound was the targeted DAP-CI
(17) (m/z = 233). Eventhough the rapid hydrolisation of DAP-CI was also observed by
Campbell and Way, it was stable enough in a solution of CDCl; to observe the

characteristic aromatic fingerprint of phosphaphenanthrene derivatives (Figure 3-12).
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Moreover, a doublet associated with the amine functionality with a large coupling (J ;.=
25 Hz) was observed (8 = 6.05 ppm). The chemical shift of this doublet confirmed the
presence of an aminic proton while the large °J, ;,coupling indicated that it was directly

bound to the phosphorus atom.

_
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Figure 3-12: TH-NMR spectrum of DAP-Cl in CDCl;,

Once DAP-CI was successfully synthesised, the investigation of the hydrolisation
condition was carried out. Dissolution of DAP-CI in chloroform followed by a water
extraction yielded the starting material back. On the other hand, hydrolisation of a hot
solution of DAP-CI in dichloromethane, using crushed ice, yielded a single phosphorus
compound (63 %) (8”'P = - 4.6 ppm) with m/z = 215 and mp 196°C that was isolated as
an insoluble white solid. The melting point was coherent with the product isolated by

Kubba and Dewar (

Scheme 3-3).” Moreoever, the 'H-NMR spectra showed similar feature to that of DOPO
(

Figure 3-13). However, the chemical shift in the >’P-NMR &’'P = - 4.6 ppm)

spectrum was more upfield than predicted from DOPO itself (§”'P= 15.3 ppm).
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NH,1. PCl3 (excess) 130 °C NH  CH,Clp, 50 °C - NH
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quant. 63 %
DAP-CI DAPO
17 16

Scheme 3-3: Synthesis of DAPO starting from 2-aminobiphenyl.

Concentration of the organic mother liquor yielded a single organophosphorus
compound (8”'P= 14.4 ppm) as a purple solid with a molecular ion peak at m/z 215 and
mp 179 °C which coincided with the compound isolated by Campbell and Way.” Unlike
the first organophosphorus compound isolated by filtration from the aqueous phase, the
*'P-NMR spectrum was in accordance with the DOPO molecule. However, significant
discrepancies between the 'H-NMR spectra were observed (Figure 3-13). The use of
COSY, NOESY and HMBC enabled us to determine that the molecule isolated from the
mother liquor had a more localized ring system and was the targeted
azaphosphaphenanthrene analogue of the DOPO molecule: DAPO (figure 3-13).
Moreover, the presence of a broad singlet at 9.2 ppm indicated that a phosphamidic acid

was present in the compound isolated by filtration (figure 3.14).
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Figure 3-13: "H,'H-gCOSY of DAPO (a) and its tautomer (b).
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Figure 3-14: 'TH-NMR spectra of the two isolated tautomers of DAPO (16). The asterics
specify the signal corresponding to the P-H bond.

Thus, it can be concluded that the two phosphorus containing molecules isolated
after hydrolysis of the DAP-CI are tautomers (Figure 3-15). However, the factors
favoring the formation of one tautomer over the other, such as heat or pH, are still under
investigation. Unlike the tautomerism of 3-phosphorus acids, the prototropic transfer of
phosphamidates has been reported on a few accounts.”” Moreover, to the best of the

author’s knowledge, its flame retardant activity has not been reported.

| T

p-OH

R~ \
H H
Figure 3-15: Equilibrium between the two tautomeric forms of DAPO.

3.4.1 Abramov reaction of 9,10-dihydro-9-azaphosphaphenanthrene-10-
oxide

In order to test the reactivity of its P-H bond, DAPO was reacted with
benzaldehyde in a solution of toluene under mild heating (Figure 3-16). °'P NMR analysis

of the crude solid isolated after removal of the toluene showed two peaks at 6 = 24.5 and
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24.2 ppm in CDCI,. The presence of two phosphorus-containing molecules was however
not surprising as the nucleophilic attack on the carbonyl functionality yielded a new
stereogenic centre. This was confirmed by the presence on a single ion peak in the mass
spectroscopy at m/z = 321. Hence, the two organophosphorus compounds observed in
solution are stereoisomers of the target molecule. The shift towards lower field was
indicative of a shielding of the phosphorus atom in accordance with the replacement of
P-H bond by a P-C bond. Moreover, two sets of doublet at 5.05 and 4.09 ppm in the "H-
NMR spectra confirmed the presence of a benzylic carbon directly bound to a
phosphorus (*Jp;; = 10.9 and 8.9 Hz respectively). Hence, similatly to DOPO, under
those reaction conditions, DAPO formed a new carbon-phosphorus bond #a an
Abramov reaction (Figure 3-16). This demonstrated that, the hydrogen of DAPO was
labile and that the formed anion could act as a nucleophile.” The acidic proton could
therefore potentially react with catalytic amount of base to activate the nucleophilic

intermediate that can react with electrophilic groups such as epoxy group.

OH
I}IH NH
F<\ H T0| 60 °C \\
33%
16 18

Figure 3-16: Reaction of DAPO with benzaldehyde in toluene.

When the same reaction was carried out in ethanol instead of toluene, a different
product was formed (Figure 3-17). Similarly to the reaction carried out in toluene, *'P
NMR analysis of the white powder, isolated after removal of the solvent, indicated the
formation of an organophosphorus compound where the phosphorus atom was more
shielded than DAPO (8 = 40.5 ppm). 'H-NMR analysis indicated the presence of
aliphatic protons at & = 0.85 (3H), 3.88-3.74 (1H) and 3.49-3.33 (1H) ppm which

suggests a nucleophilic attack of ethanol with the Abramov product (Figure 3-18).
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Figure 3-17: Reaction of DAPO with benzaldehyde in ethanol.

'\,IH : NH OH NH O 2 NH o
F\’\ H
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Figure 3-18: Suggested mechanism for the formation of compound 19.

3.4.2 Oxidation of 9,10-dihydro-9-azaphosphaphenanthrene-10- oxide

The successful Abramov reaction motivated the investigation of the other
possible reaction of DAPO. Like most phosphinates, DOPO readily undergoes
oxidation to form the corresponding phosphinic acid (DOPO-OH) (Figure 3-19).
Similarly to DOPO, DOPO-OH was found to undergo nucleophilic addition and was
successfully reacted with epoxy resins.” Chemical addition of DOPO-OH was found
impart flame retardancy to DEN 438.°**" Hence, the investigation of the oxidation of

DAPO was initiated.

C o
0

. - - Q
RH R~
o) OH
1 20

Figure 3-19: Oxidation of DOPO to form DOPO-OH.

First, DAPO was stirred in a solution of hydrogen peroxide in ethyl acetate.”
Even though the disappearance of the doublet characteristic of the P-H bond in "H-

NMR analysis indicated that DAPO had reacted, the >’P-NMR spectrum showed the
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presence of several organophosphorus compounds in solution. Hence, this method was
not the optimal route to access DAPO-OH since the use of peroxide yields water and
consequently possible hydrolysation by-products. Wang and Shau synthesised
phosphonamidic compounds by oxidation of a solution azaphosphine oxide in pyridine
using KMnO, as oxidation agent.” Thus, in an attempt to obtain DAPO-OH, DAPO
was heated with KMnO, in pyridine and water (Figure 3-20). >'P-NMR analysis of the
crude reaction mixture in D,O showed the presence of an organophosphorus compound
where the phosphorus atom is deshielded in comparison to the starting material (8 =
49.5 ppm). However, the '"H-NMR was inconclusive. Removal of the solvent # vacuo,
followed by acidification using concentrated sulphuric acid, yielded a brown precipitate
that was isolated by filtration. However, >'P-NMR analysis of the brown powder failed to

show any organophosphorus compound. Hence, KMnO,was ruled out as an oxidation

O  KMno, O NH H0; | O

NH
| |

- < _
R7OH Pyridine, H,0 R=0O A ROH
O © 207C O : O ©

21 16 21

agent for the formation of DAPO-OH.

Figure 3-20: Synthesis of DAPO-OH (21) by oxidation of DAPO (16).

Quin e¢f al reported the successful synthesis of N-(1-Adamantyl)
phenylphosphonamidic ~ acid by  hydrolysis of  the  N-(1-Adamantyl)
phenylphosphonochloro amidate.” Hence, the synthesis of 9-hydro-10-chloro-10-
azaphosphaphenanthrene oxide (DAPO-CI) (22) was initiated (Figure 3-21). Reaction of
2-aminobiphenyl with phosphorus oxychloride in ether in the presence of triethylamine
led to the precipitation of a white solid."” >'P - NMR analysis of the dried white powder
showed the presence of a single phosphotrus compound (6 (CDCL) = 9.82 ppm) which
suggested that the target DAPO-Cl was formed. However, the characteristic splitting
pattern of phosphaphenanthrene derivatives was not observed in the 'H-NMR spectrum.
Nonetheless, mass spectroscopic analysis of the white powder confirmed the successful
synthesis of DAPO-Cl as an ion peak at m/z 282, corresponding to the target compound
with hydrochloric acid, was observed. Treatment of the chloro derivative with an
aqueous solution of sodium hydroxide to form the sodium phosphonate salt was

followed by acidification with hydrochloric acid which led to the precipitation of a white
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solid. *’'P-NMR analysis of the filtered white powder indicated the presence of an
organophosphorus compound (8 (CDCl;) = 0.58 ppm) which could be associated with a
phosphamidic functionality. However, the 'H-NMR spectrum did not show the
characteristic ~ phosphaphenanthrene  structure.  This  indicated  that  the
azaphosphophenanthrence ring was unstable in solution. Quin ef 4/ also discussed the
thermal fragmentation of the P-N bond yielding an anhydride.” Hence, it can be

concluded that the targeted 9-hydro-10-chloro-10-azaphosphophenanthrenic acid suffers

NaOH ,

from the same thermal instability.

NH, POCIs, 130°C ‘

_— >

NH

|
=0 /N -OH
EtzN, Et,O R H,O, Acetone R
Cl 0]
51 %
DAPO-CI DAPO-OH
22 21

Figure 3-21: Synthesis of DAPO-OH from DAPO-CL

In order to test the resistance of the P-N bond to hydrolysis in alkali solution,
DAPO was reacted in acetone with a solution of sodium hydroxide (Figure 3-22). *'P-
NMR analysis of the reaction mixture after removal of the solvent showed the presence
of a single organophosphorus compound (& = 15.9 ppm). In contradiction with the
reported instability of the P-N bond, the 'H-NMR showed the characteristic
phosphaphenanthrene structure in the aromatic region which indicated that the
phosphaphenanthrene structure remained intact.'” ' In addition, the absence of the
doublet at 6 = 8.46 ppm confirmed that the P-H bond had reacted. Moteover, the mass
spectroscopic analysis of the white solid showed an ion peak at m/z = 253, confirming
the formation of the sodium phosphonate ion. Treatment of an aqueous solution of the
sodium phosphonate ion with hydrochloric acid led the formation of a white precipitate.
The *'P-NMR spectrum of the white powder isolated by filtration indicated the presence
of a single organophosphotus compound (& = 6.77 ppm). Similatly to the hydrolysis
product, the characteristic pattern of the phosphaphenanthrene compounds was
observed in the '"H-NMR spectrum. However, an additional broad singlet, associated
with the acidic functionality, was obsetved at & = 5.63 ppm. The formation of the

targeted DAPO-OH was confirmed by mass spectroscopic analysis (m/z = 231).
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Nonetheless, further investigation of the reactivity of DAPO-OH were not carried out as

its solubility in organic solvent was very poor.

I}IH NaOH, O,, H,O l NH HCI :
—_— 2 Ly

NH
| . |
=0 — —
P\ Acetone, 0°C F\’\ ONa F{\ OH
H (@] @]
70 %
16 24 21

Figure 3-22: Oxidation of DAPO with sodium hydroxide.

3.4.3 Synthesis of 9,10-dihydro-9-azaphosphaphenanthrene-10- thionic
acid
In order to study the possible synergism between phosphorus, nitrogen and
sulphur of organophosphorus compounds in the flame retardancy of epoxy resin, the

investigation of the synthesis of sulphur derivatives of DAPO was initiated.

The first attempt to obtain a azaphosphaphenanthrene sulphide derivative was
achieved by heating a solution of DAPO in toluene in the presence of sulphur (Figure
3-23).* Concentration #n vacuo of the filtered solution yielded a pale orange powder. The
"H-NMR spectrum of the isolated powder showed the presence of 8 aromatic protons
that were associated with the phosphaphenanthrene structure and a broad peak (6 = 5.44
ppm, 2H) that was attributed to the acidic and amine functionality. In addition, the *'P-
NMR showed the presence of one major peak (6 =55.0 ppm), which coincided with the
parent 10-oxaphosphaphenanthrenethionic acid derivative (DOPS-OH). The formation
of the targeted DAPS-OH (25), was also confirmed by mass spectroscopy (m/z = 247).
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Figure 3-23: Synthesis of DAPS-OH from DAPO.

3.4.4 9,10-dihydro-9-azaphosphaphenanthrene-10- sulfide

The successful synthesis of DAPS-OH motivated the investigation of the
synthesis of DAPS (26). Similarly to DOPS (3.2.1), our first attempt to obtain the target
molecule was achieved by reacting a solution of DAP-CI in toluene with H,S and
trapping the formed acid with triethylamine at room temperature (Figure 3-24). After
removal of the triethylamonium salt by filtration, the reaction mixture was concentrated
in vacuo to yield a light brown crystalline solid. "H-NMR analysis of the obtained solid
revealed the presence of a rigid aromatic structure containing 8 protons which was
associated with the phosphaphenanthrene ring. In addition, the presence of a doublet at

8.59 ppm (J,.;=506 Hz) confirmed the presence of a P-H bond.

C

H,S, Tol. NH
—_—
P< R=S
Cl Et3N \
® N T
66 %
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17 26

Figure 3-24: Synthesis of DAPS (26) from DAP-CI (17).
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Figure 3-25: TH-NMR spectra of DAPS (top) and DOPS (bottom) measured in CDCls.

3.5 Summary

The synthesis of a series of heterocyclic derivatives of DOPO with different

chemical environment around the phosphorus was presented.

Firstly, the synthesis of the new 6H-dibenzo|se¢|[1,2]oxaphosphinine 6-sulfide (4)
(DOPS) was presented. Compound (4) can be obtained using different thionation agents
and undergoes nucleophilic additions such as the Pudovik reaction as well as the
Atherton-Todd reaction. The ease of synthesis of molecule (4) combined with its broad
range of reactivity makes it a promising compound for a wide spectrum of molecules and
applications. Secondly, the thionation procedure used for the synthesis of DOPS was
applied to obtain DDPS. Similarly to DOPO, and DDPO, the P-H bond could be
activated to generate the phosphonate nucleophilic species that could react with
unsaturated functionality. The successful Abramov reaction of DDPS indicated that it
could react with oxirane rings in a similarly to DDPO. Then, the synthesis of DAPO was
optimised and the reactivity of P-H bond was compared to the other phosphine oxides.
DAPO successfully underwent an Abramov reaction with benzaldehyde, which
confirmed its potential use as a reactive flame retardant for epoxy resins. Lastly, two new
sulphur derivatives of DAPO, DAPS and DAPS-OH were synthesised using the
synthesis route developed for the DOPO and DDPO derivatives.

All the compounds shown in Figure 3-26, were synthesised using 1 or 2 steps

synthesis from commercially available starting materials. Moreover, all heterocyclic
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organophosphorus compounds presented were obtained in high yield and with high level
of purity. Hence, such compounds are potentially commercialisable. The variety of
environment around the phosphorus atom also makes such compounds interesting for

studies where the binding properties of phosphorus are investigated.

Q I I
P;O R:S p\:S
sl v
DOPO DOPS DOPS-OH
c, O, O,
R=0 R= N-R7S
H H OH
DAPO DAPS DAPS-OH
O\\ H S\\ H N /OH
/P\ /P\ g ~N
DDPO DDPS DDPS-OH

Figure 3-26: Summary of the heterocyclic organophosphorus compounds.

The evaluation of the reactivity of the P-H bond of the newly synthesised
phosphine oxides and phosphine sulphides suggested that phosphonate nucleophilic
species could be generated in the presence of base. Hence, the newly synthesised
organophosphorus compounds could be chemically reacted with epoxy functionalities
and their efficiency as flame retardant evaluated and compared to the already

commercialised phosphine oxides. Such study will be presented in chapter 4.
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CHAPTER 4: INVESTIGATION OF THERMAL
STABILITY OF EPOXY PHENOL NOVOLAC RESIN
MODIFIED WITH ORGANOPHOSPHORUS FLAME
RETARDANTS

4.1 Formulation and curing

Unlike their non-reactive counter parts, reactive flame retardants require to be
grafted onto the polymer matrix before curing. This solves the migration problem
encountered with non-reactive flame retardants as the polymer itself becomes inherently
flame retardant through the chemical bond formed between the organophosphorus
moiety and the epoxy group. Figure 4.1 shows a typical preformulation process using a

phosphorus compound as flame retardant, DEN 438 as novolac epoxy resin and

54,88

triethanol amine as grafting catalyst.

(HOC2H4)3N
140°C, 2h

Figure 4-1: Chemical addition of Phosphorus molecules to DEN 438.

Once DEN 438 was grafted with the phosphorus flame retardant, it was cured
according to literature using DICY as a hardener and Fenuron as an accelerator in a ratio

100 to 6 to 2 (Figure 4-2).%
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Figure 4-2: Curing condition of chemically modified DEN438 with DICY (middle) and

Fenuron (right).

The formulations for the newly synthesised phosphorus heretocyclic compounds

presented in Chapter 3 are summarised in Table 4-1, Table 4-2 and Table 4-3.

Table 4-1: Overview of the composition of DEN 438 resin chemically modified with
DOPO, DAPO and DOPS.

DEN438(g) DOPO (g) DAPO (g) DOPS(g) P% FRwt%
55.56 0.00 0.0
53.62 2.02 0.50 3.5
51.68 4.18 1.00 7.0
50.13 5.86 1.40 9.8
49.36 6.69 1.60 11.2
51.69 4.17 1.00 6.7
50.92 5.00 1.20 8.3
50.15 5.84 1.40 9.7
49.38 6.67 1.60 11.1
53.47 2.25 0.50 3.8
52.43 3.37 0.75 5.6
51.39 45 1.00 75
50.56 5.4 1.20 9.0
49.73 6.3 1.40 10.5
48.89 7.2 1.60 12.0
48.06 8.1 1.80 13.5
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Table 4-2: Overview of the composition of DEN 438 resin chemically modified with
DOPO-OH, DAPS-OH and DOPS-OH.

DEN 438 (j) DOPO-OH(g) DAPS-OH(g) DOPS-OH(g) P% FR (wt %)
51.39 450 1.00 7.50
49.73 6.30 140  10.49
53.70 2.01 0.50 3.35
49.60 6.43 1.60  10.72
51.69 4.17 1.00 6.95
50.15 5.84 1.40 9.73

Table 4-3: Overview of the composition of DEN 438 resin chemically modified with
DDPO, DDPS and DDPS-OH.

DEN438(g) DDPO (g) DDPS (g) DDPS-OH  P%  FR (Wt %)
55.56 0.00 0.00
52.86 2.91 1.00 4.85
47.46 8.74 3.00 14.56
52.68 3.11 1.00 5.18
46.92 9.33 3.00 15.54
53.98 1.70 0.50 2.84
49.24 6.82 2.00 11.35

4.2 Influence of the fusion process on glass transition temperature
(Tg) of the cured epoxy phenol novolac resin

As mentioned in chapter 1, in order to reduce the possible leaching of flame
retardants out of the polymer matrix, the reactive approach has been adopted. However,
the fusion process is often accompanied by a reduction of the functionality." Such is
detrimental for the processability of the resin. This section will discuss the impact of the

heterocyclic organophosphorus compounds discussed in chapter 3 on the glass transition

temperature of DEN 438.
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4.2.1 Influence of phosphaphenanthrene derivatives

Table 4-4 and Table 4-5 show the variation of the glass transition temperature of
the cured novolac epoxy resin chemically modified with different phosphorus loading of
DOPO, DAPO and DOPS as well as the oxidised detivatives DOPO-OH, DAPS-OH
and DOPS-OH. As seen in Figure 4-3, the glass transition temperature of the cured
modified resin decreases with increasing phosphorus loading. This can be rationalised by
the decreased epoxy functionality in the uncured resin because of the fusion process. The
reduced epoxy functionality causes a reduced cross-linking density in the cured polymer
that is reflected in the decreased glass transition temperature.'” The
azaphosphaphenanthrene derivatives (DAPO and DAPS-OH) have less impact on the
Tg than the oxaphosphaphenanthrene ones (DOPO and DOPS-OH). Unlike the DOPO
derivatives, the presence of the amine functionality balances out the effect of
functionalising the epoxy resin during the fusion process. Hence, similarly to the DOPO-
HQ, which is a multifunctional flame retardant, the chemical addition of DAPO does
not result in a drastic loss of functionality.” Figure 4-3 shows that the oxide compounds
have a lesser influence on the glass transition temperature than their sulphide derivatives.
When compared to the oxygen atom, the bulky sulphur atom has a larger plasticising
effect, hence, a larger influence on the glass transition temperature can be observed.
Nonetheless, this plasticising effect can be balanced out when the oxidised derivatives are
used as flame retardants instead of the phosphine derivatives. As seen in Figure 4-3,
DOPS-OH as less impact on the Tg than DOPS and the same trend is observed for the
oxide derivatives. The additional oxygen in the polymer structure can contribute to

additional hydrogen bonding which is reflected by an increase in glass temperature.

Table 4-4: Tg of DEN438 modified with DOPO, DAPO or DOPS and cured with DICY /
Fenuron (neat DEN 438 182 °C).

P FR Tg P FR Tg P FR Tg
% % (°C) % (%) (°C) % (%) (°C)

DOPO 050 35 172 DAPO 1.00 6.7 170 DOPS 050 3.8 175
DOPO 100 7.0 162 DAPO 120 83 169 DOPS 120 9.0 159
DOPO 140 938 157 DAPO 140 9.7 171 DOPS 140 105 144
DOPO 160 11.2 151 DAPO 160 11.1 171 DOPS 160 12.0 142
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Table 4-5:Tg of DEN438 modified with DOPO-OH, DAPS-OH or DOPS-OH and cured

with DICY / Fenuron (neat DEN 438 182 °C).

P FR Tg P FR Tg
% % (°C) % % (°C)

P FR Tg
% (%) (°C)

DOPO-OH 050 3.5 172 DAPS-OH 050 4.0 176 DOPS-OH
DOPO-OH 1.00 7.0 162 DAPS-OH 120 83 169 DOPS-OH

050 3.8 175
120 9.0 159

190 -

Tg(°C)

+DOPO
=DAPO
¢ DOPS

* DOPS-OH
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i} 02 04 0.6 0.8 1 12 14 16
Phosphorus content (%)

Figure 4-3: Influence of phosphaphenanthrene derivatives on the glass t
temperature of DEN 438 cured with DICY and Fenuron.

ransition

4.2.2 Influence of dimethyldioxophosphorinane derivatives

Table 4-6 summarises the glass transition temperature of DEN 438 chemically

modified with DDPO, DDPS and DDPS-OH cured with DICY and Fenuron following

the procedure described in section 4.1.Similarly to the trend observed for the

phosphaphenanthrene derivatives, the chemical addition to the epoxy resin resulted in a

loss of functionality. This was reflected in a decrease in the glass transition temperature

with increase phosphorus loading (Figure 4-4). In addition, the plasticising effect of

sulphur was also observed.
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Table 4-6: Tg of DEN438® modified with DDPO, DDPS, DDPS-OH and cured with
DICY / Fenuron(neat DEN 438 182 °C).

FR  Tg FR Tg FR Tg
P% wt% (°C) P% %) (°C) P% (%) (°C)

DDPO 100 4.85 168 DDPS 1.00 5.18 164 DDPS-OH 0.5 268 182
DDPO 3.00 1456 148 DDPS 3.00 1554 132 DDPS-OH 2.0 10.73 182
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Figure 4-4: Influence of DDP derivatives on the glass transition temperature of DEN 438
cured with DICY fenuron.

4.3 Influence of phosphacyclic flame retardants on decomposition
temperature (Td)

The thermal decomposition of the virgin DEN 438 cured with DICY and
Fenuron is characterised by an onset decomposition temperature (mass loss of 5%) of
365 °C, followed by a single step with a maximum loss a 410 °C and subsequent
decomposition leaving 29.4 wt% of thermally stable residue at 800°C (Figure 4-5). When
DOPO (1.6 %P) was added, the onset decomposition was lowered from 365 °C to 355
°C and the residual char increased slightly to 31 %. The decomposition behaviour was
more influenced when DOPS was used as reactive-flame retardant. The onset
decomposition was reduced to 325 °C and the residual char was increased to 32 %. The
reduced thermal stability is coherent with the plasticising effect of sulphur observed in
section 4.2. Evnethough a loss 10 °C in the thermal decomposition temperature (Td) is

observed, such decrease is not detrimental as the flame retardant resins used FR-4
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composites need to be stable above 280 °C. Similarly to DOPS, the addition of DAPO
induced a decrease of the onset decomposition temperature to 323 °C (Figure 4-5).
However, a second decomposition step was observed at 470 °C and the thermally stable
residue at 800 °C was increased to 35 % of the original weight. The slight reduction of
weight loss rate observed at 470 °C can be attributed to the formation of carbonaceous
char layer that protects the polymer from the heat source. However, as the temperature
increases, this char layer decomposed which results in the second decomposition step
observed. Nitrogen containing flame retardants are known to promote such char

. 1
formation.'®

The decrease of the decomposition temperature (Td) with addition of
flame-retardant is in agreement with the trends observed for Tg using DSC. The
significant change in onset decomposition temperature between DOPS and DOPO
suggests that the presence of sulphur lowers the thermal stability of the cured resin.
Similarly to Tg, the depression in Td can be justified by the lower cross-linking density in

the cured resin resulting from the replacement of epoxy group by bulky flame-retardant

molecules.
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Figure 4-5: TGA traces of DEN 438 cured with DICY and Fenuron containing
phosphaphenanthrene derivatives DOPS, DOPO and DAPO.

4.4 UL-94 measurements of cured epoxy phenol novolac resin

Table 4-7summarises the UL-94 classifications obtained for the DEN 438 resin
chemically modified with DOPO, DAPO and DDPO cured with DICY and Fenuron

according to the procedure described in section4.1. The phosphorus loading required to
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impart UL-94 VO rating is directly related to the flame retardant efficiency of the
organophosphorus compound added. DOPO, DDPO and DAPO all render the cured
novolac resin resistant to fire (VO rating) with phosphorus loading above 1.4 %P. When
DOPO and DAPO are used as flame retardants, a similar phosphorus loading was
required to impart flame retardancy. This indicates that the addition of an amine
functionality did not have a significant impact on the mode of action
phosphaphenanthrene. Due to practical restrictions, DAPO could not be tested over
such a large range of concentration as DOPO because the cured resin was very brittle
and the plates often fractured during the curing stages. The increase in brittleness of the
cured resins reflects the higher cross-linking density obtained and is in accordance with
the reactivity of the amine functionality. However, when DDPO was used as flame
retardant, 3.0 % phosphorus loading is required to meet the VO rating. This indicates that
DDPO is a less efficient flame retardant for the DEN 438/DICY/Fenuron system than
the aromatic compounds DOPO and DAPO. This can be justified by the required gas
phase mechanism for the DEN 438/DICY/Fenuron used. Indeed, DDPO was reported
to be an efficient flame retardant for DGEBA/Dimethyldicykane system that requite a

. 81
condensed phase mechanism.

Table 4-7: UL-94 V rating of the oxide derivatives: DOPO, DAPO and DDPO.

X Y Z %P Wt% Tg UL94 Char

(°C) (%)
DEN 438 - - - 0 0 182 n.c. 29.04
DOPO O O H 160 11.20 155 VO 31.60
DAPO NH O H 160 11.20 171 VO 35.30
DDPO O O H 300 1460 148 VO 34.40

Table 4-8 summarises the minimum concentration required to impart UL-94 VO
rating when DOPS, DAPS and DDPS were used as flame retardants. Surprisingly DOPS
imparted VO rating to sample with lower phosphorus loading (1.0 %P) and V1 rating was
achieved with only 0.5 %P. This suggests that the presence of sulphur enhances the
flame retardant mechanism of oxa-phosphaphenanthrene compounds. The investigation
of the mechanism of action of sulphur is presented in section 4.5. Similarly to DDPO,
higher loading (3 %P) were required when DDPS was chemically added to impart flame
retardancy to DEN438 (Table 4-6) which is consistent with the predominant condensed

phase activity of dioxophosphorinane derivatives.
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Table 4-8: UL-94 V rating of the sulfide derivatives: DOPS and DDPS.

X Y Z %P Wt% Tg UL94 Char

(°C) (%)
DEN438 - - - O 0 182 n.c. 29.04
DOPS O S H 100 730 159 VO 30.90
DDPS O S H 300 1550 138 VO 35.00

Table 4-7 summarises the phosphorus loading required to impart VO rating when
thionic acid flame retardants DOPS-OH, DAPS-OH and DDPS-OH are used in epoxy
phenol novolac resin. In the case of the DOPS-OH, phosphorus loadings similar to
DOPO are required to impart UL-94 VO rating. On the other hand, 1.6 %P of DAPS-
OH failed to impart flame retardancy to the epoxy phenol novolac resin. Eventhough,
the extinguishment after the first ignition occurs within one second of the flame removal,
the lit materials required between 5 and 15 s to self-extinguish after the second flame
application (10 s required for UL-94 VO rating). Unfortunately, similarly to DAPO,
higher phosphorus loading could not be tested as the modified resins with phosphorus
loading higher than 1.6 %P gelled during the fusion process. Hence, formulation could
not be achieved. As predicted from the results reported eatlier, the material with 2.0 P%
of DDPS-OH was not flame retardant. However, similarly to DAPS-OH higher
phosphorus loadings could not be tested has the preformulation could not be processed

at 80 °C.

Table 4-9: UL-94 -V ratings for the thionic acid DOPS-OH, DAPS-OH and DDPS-OH.

X Y Z %P Wt% T8 UL94 Char
(°C) (%)

DEN 438 - - - 0 0 182 nc. 29.04
DOPS-OH O S OH 140 1120 159 VO 33.50
DAPS-OH NH O OH 1.60 1280 170 V1 35.60
DDPS-OH O S H 200 1136 181 n.c 3340

4.5 Oxygen index measurements

As mentioned in chapter 2, LOI is another method used to assess the flame
retardancy of polymeric materials.” Even though in most cases the sole limiting index

concentration is quoted as a measure of flammability of a material, the oxygen index test
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(OIT) allows a more thorough investigation of the mechanism of action of a flame
retardant additive. Indeed, the substitution of oxygen by nitrous oxide can help evaluate
if the added flame retardant acts as a flame poison in the gas phase. As seen in Figure
4-6andFigure 4-7, the LOI was measured for samples of DEN 438 cured with DICY and
Fenuron using DOPO, DOPS, DDPO and DDPS as reactive flame retardant. The
flammability of the cured DEN 438 was evaluated in an O,-N, atmosphere to determine

the LOI and in an N,0O-N, atmosphere to determine the nitrous oxide index (LNI).

4.5.1 Oxa-phosphaphenanthrene derivatives

A summary of the oxygen indexes for the epoxy phenol novolac resin materials

modified with DOPO can be seen in Table 4-10.

Table 4-10: Summary of the Oxygen Index test for oxa-phosphaphenanthrene derivatives
DOPO and DOPS in DEN 438 resin cured with DICY and Fenuron.

FR %P UL 94 LOI (%) LNI (%) 101 (%) BOI (%)
None 0 n.c. 26.7 47.2 24.0 23.0
DOPO 1.6 VO 38.1 57.4 31.0 31.0
DOPO 0.5 n.c 311 52.8 24.0 30.5
DOPS 1.6 VO 36.6 58.3 36.0 31.0
DOPS 0.5 V1 30.7 53.7 27.0 375

The LOI value for the cured virgin resin was 26.7 while its LNI value was 47.2.
The higher value of LNI with respect to LOI value can be explained by the lower
effectiveness of N,O as an oxidant compared to O,. For DOPO and DOPS, the addition
of flame retardant (0.5 %P) resulted in an increase of LOI, 31.1 and 30.7 respectively, in
comparison to the neat resin. The LOI value increased with increasing flame retardant
loading (1.6 %P) to 38.7 and 36.6 for DOPO and DOPS respectively. This is consistent
with the UL 94 results. Indeed with low loading (0.5 %P), the cured resin is classified V1
whereas with higher loading (1.6 %P), the cured DEN438 is classified as VO
corresponding to a non-flammable polymer material. Thus, with higher flame-retardant
loading (1.6 %P), there is higher oxygen demand to sustain the combustion cycle. A
similar trend is observed when O, was replaced by N,O. The LLNI value increased from
52.8 to 57.4 for DOPO and from 53.7 to 58.3 for DOPS with increasing phosphorus

content.
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The efficiency of a flame retardant acting as flame poison in the gas phase in an
oxygen atmosphere should be diminished when acting in a nitrous oxide atmosphere. As
seen in Figure 4-6, the OI trend with increasing phosphorus content is similar to that of
LNI for DOPO and DOPS. When the respective LOI values are plotted against the LNI
at equal loading, the slope obtained for DOPO and DOPS are 1.6 and 1.3 respectively.
This indicates that the effectiveness of the flame retardants is slightly lower in nitrous
oxide than in oxygen. Therefore, the larger oxidant content required to sustain burning
when oxygen is substituted by nitrous oxide indicates that a gas-phase mechanism could

impart the flame retardancy to DEN 438 modified with DOPO and DOPS.
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Figure 4-6: Plot of OI and NI vs. phosphorus content for DOPO and DOPS
modified DEN438 measured in oxygen atmosphere (solid lines) and nitrous oxide

atmosphere (dashed lines).

4.5.2 Dioxophosphorinane derivatives

Similarly to the trends observed with the addition of DOPO and DOPS, the
oxidant content required to sustain burning generally increased with increasing
phosphorus content. However, the difference in OI between the virgin resin and the

flame retardant specimens was much lower. Table 4-11summarises the oxygen indexes
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measured for the cured samples containing the DEN 438 modified resin with DDPO
and DDPS.

Table 4-11: Summary of the Oxygen Index test for dimethyldioxophosphorinane
derivatives DDPO and DDPS in DEN 438 resin cured with DICY and Fenuron.

FR % P UL 94 LOI (%) LNI (%) 101 (%) BOI (%)
DEN 438 0.0 n.c. 26.7 47.2 24.0 23.0
DDPO 1.0 n.c. 275 49.1 25.0 26.0
DDPO 3.0 VO 27.2 48.1 25.0 23.0
DDPS 1.0 n.c. 238 47.2 23.0 20.0
DDPS 3.0 V0 26.7 49.1 24.5 215

When oxygen was used as oxidant, the LOI value for the non-flammable
specimens (VO rating in the UL 94 test) for the samples with DEN 348 resin modified
with DDPO and DDPS were 26.7 and 27.2 respectively compared to 27.6 for the virgin
resin,. Figure 4-7shows the LOI and LNI value of DEN 438 modified with the DDPO
and DDPS. When oxygen was substituted by nitrous oxide, the LNI values were 48.1 for
DDPO and 49.1 for DDPS, compared to 47.2 for the unmodified resin. The absence of
significant oxidant dependence with increasing phosphorus content indicates that the
flame retardant efficiency is not dependent on the concentration of oxygen for either
DDPO or DDPS. This suggests that neither of the aliphatic reactive additives acts as a
flame poison when covalently bound to DEN 438, even when present in high loading
(3.0 %P). A slight decrease in OI was observed with increasing loading of DDPO such
trend was previously observed with a halogen-bismuth flame retardant in polypropylene

acting in the condensed phase.'”
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Figure 4-7: Plot of OI vs. phosphorus content for DDPO and DDPS-modified DEN 438
measured in oxygen atmosphere (solid line) and nitrous oxide atmosphere (dashed line).
When the increase of LOI is plotted against the increase of LNI for equivalent
phosphorus content, the straight line obtained has a negligible slope. The lack of
influence of the oxidant source indicates that the contribution of the gas phase
mechanism to the flame retardant action of DDPO is negligible. Interestingly, when
DDPS is used at lower loading (1.0 %P), the oxygen index is lower than that of the virgin
resin. This reveals that, unless the required concentration of flame retardant to render the
polymer non-flammable (VO in UL94) is reached, addition of DDPS increases the
flammability of the novolac resin. When the LOI is plotted against the LNI for
equivalent concentrations of DDPS, the obtained straight line has a slope of 1.5 similar
to DOPO and DOPS suggesting that it may also be partially active in the gas-phase.
Hence, when DDPS is used as a reactive flame retardant in DEN 438, a competition
between the gas-phase and the condensed phase mechanism might be taking place. It is
possible that, when the resin is under thermal stress, the presence of DPPS at low
concentration enhances the production of flaimmable volatile species which would in
turn contribute to maintain the combustion cycle. However, with higher loading, the char
formation process could dominate. This thermally stable char layer would prevent the
volatile particle from reaching the gas phase, which in turn would result in
extinguishment of the flame. Such competition of mechanisms needs to be investigated

in further details.
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Nonetheless, according to Fenimore and Jones, the efficiency of pure gas-phase
flame retardants should not depend on the polymer matrix since the reactions happening
in the gas-phase occur above the burning material and are therefore thought to be
independent from the condensed-phase pyrolysis.'” Hence, a change of polymer matrix
should not have any significant repercussion on the efficiency of a gas-phase active flame
retardant such as DOPO. On the other hand, for flame retardants thought to act in the
condensed phase such as DDPO, a change of polymer matrix should have a strong
influence on the flame-retardant efficiency.'” This suggests that if a similar set of
experiment was carried out in DGEBA, the OI of the sample with DDPO and DDPS
would vary more than those with DOPO and DOPS.

4.5.3 Self-quenching time (SQT) measurements

4.5.3.1 Self-quenching time (SQT) of oxa-phosphenanthrene derivatives

A plot of the time required for the flame to extinguish itself after removal of the
ignition flame, the self quenching time (SQT), as a function of oxygen concentration is

shown in
Figure 4-8 and

Figure 4-9. For each specimen, the graph can be split in two linear regions. In the
first region, a large increase in OI is required to increase the SQT. However, in the
second region, a small increase in OI results in a large increase in SQT. The transition
between the two regions is recognised as the transition from unstable to stable burning
condition.'” Extrapolation of the first linear region to SQT = 0 enables to determine the
oxygen content at which ignition of polymeric material is just possible. This ignition OI
(IOI) allows the evaluation of the ease of ignition of a material. For the cured virgin

resin, the IOT is ~24.

Figure 4-8 shows that the chemical addition of DOPO and DOPS to DEN 438
prior to curing increases the IOI. For non-flammable samples (VO in UL 94), the 101
was significantly increased to 31 for DOPO and 36 for DOPS. On the other hand, the
large change in oxygen content required to change from unstable to stable burning
suggests that DOPO also prevents the flame propagation. Interestingly, unlike DOPO,
the SQT trace for DOPS (1.6 %P) was composed of only one linear section. This
indicates that once 101 is reached, only a small increase in oxygen content is required to

reach a stable burning. Hence, DOPS could be considered to render a DEN438®
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resistant to fire by preventing ignition. This is in agreement with a gas-phase mechanism

observed in the NOI experiment.
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Figure 4-8: Plot of Oxygen content vs. Self quenching time of virgin, DOPO-modified
and DOPS-modified DEN 438 measured in oxygen atmosphere. Points with black
contour line correspond to specimens burned more than 5 cm.

4.5.3.2 Self-quenching time(SQT) of dimethyldioxophosphorinane derivatives

Figure 4-9 shows the influence of the oxygen content on the SQT of DEN 438
chemically modified with DDPO and DDPS prior to curing. Unlike DOPO, a relatively
small change in IOI was observed between the virgin resin and the DDPO and DDPS
modified DEN 438 (> 0.5 % O,). This suggested that, contrary to their aromatic
analogues, DDPO and DDPS did not render DEN438 resistant to fire by preventing
ignition. The small change in oxygen content required to change from unstable to stable
burning, indicates that the addition of aliphatic phosphorus flame retardants did not
prevent the combustion cycle as efficiently as DOPO, even though those modified resins
were classified as non-flammable in the UL 94 test. As mentioned earlier, DDPO is
thought to act predominantly through a condensed phase mechanism. In the UL 94 test,
the flame propagates upwards. Hence, when the flammability of the polymer is
considered, the hot part of the flame is in direct contact with the polymeric material. This

means that the char formation, theoretically responsible for the flame retardant
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mechanism, is occurring between the flame front and the polymeric material. Thus, the
flame cannot feed on the flammable volatile particles that are being blocked by the
insulating char. This in turn leads to the extinguishment of the flame. However, in the
OIT, the specimen is burnt downwards. This means that the hottest part of the flame is
not in contact with the burning polymeric material surface that is above the travelling
(cooler) flame front. Thus, not enough thermal energy is present at the burning polymer
surface to assist the char formation responsible for the flame retardancy. This char
formation mechanism was practically observed during the Ol measurements of DDPO-
modified DEN 438. Indeed, the flame was propagating down the sample at a relatively
slow rate and the swollen char would only form once the hot part of the flame reached

the already partially thermally decomposed sample (

Picture 4-1).
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Picture 4-1: Specimens of DDPO-modified DEN 438 at 27.0 (left), 27.1 (middle) and 27.2
(right) % oxygen.

4.5.4 Burning rate measurements

Figure 4-10 and 4-11 show the burning rate DEN 438 chemically modified with
oxaphosphaphenanthrene and dioxophosphorinane derivates respectively. As seen in
Figure 4-10 the addition of DOPO and DOPS resulted in an increase of the burning rate
of DEN 438 cured with DICY and fenuron. However, the addition of DOPS seems to
have a weaker impact on the burning rate than DOPO. The same ability of sulphur to
slow the burning rate down was also observed for DDPS (Figure 4-11). The burning rate
is dependent on the efficiency of the energy back feed toward the polymer. In the neat
cured resin, the sample burns to completion. However, when DEN 438 is modified with
DDPO, the formation an insulating char layer prevents the heat to reach the polymer.
Hence, the burning rate slows down. In the case of DDPS,; it possible that the release of
non-flammable volatile particles also contributes to altering the flame cycles. However,

further investigations are required (section 4.6).
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Figure 4-10: Burning rate of DEN 438 resin modified with oxaphosphaphenanthrene
derivatives DOPO and DOPS.
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Figure 4-11: Burning rate of DEN 438 resin modified with dioxophosphorinane
derivatives DDPO and DDPS.

4.6 Thermal degradation mechanism of organophosphorous
derivatives

As mentioned in chapter 1, phosphorus flame retardants can act both in gas and
condensed phase. However, in the case of DOPO, the release of PO radicals in the gas
phase the predominant mechanism of flame retardancy. DFT calculations predicted that,
similarly to DOPO, DOPS would release PO and PS radicals under thermal stress to
yield dibenzothiophene and dibenzofuran respectively (Scheme 4-1). Hence, the
abundance of volatile phosphorus containing radicals during controlled exposure to a

heat source was monitored by thermal dissorption mass spectroscopy (TDMS).
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Scheme 4-1: Decomposition reactions of DOPS.

Figure 4-12 shows the variation of phosphorus containing radical concentrations
plotted as a function of temperature for the flame retardant modified DEN 438 resin
cured with DICY and Fenuron. Each phosphaphenanthrene cycles shows different
thermal desorption behaviour. Nonetheless, for all samples, the release of PO and PO,
radicals are predominant while the release of HPO appears to be the smallest. For the
samples containing DOPS and DOPO-OH, the production of phosphorus containing
radicals reached a maximum before the temperature reached 500 °C. This is coherent
with the observed degradation temperature in section 4.3. Indeed, at equal phosphorus
loading, the onset degradation temperature of DOPS is 20 °C lower than that of DOPO.
Hence, the release of volatile phosphorus containing radicals should be observed at
lower temperature in the TDMS spectra. However, a noticeable first release of
phosphorus radicals is observed in the DOPO sample between 225 and 400 °C. This is
indicative of the formation of an insulating char layer that prevents the volatilisation of
phosphorus radicals. Then, once the temperature reached 400 °C, the formed char
decomposes and simultaneously releases the trapped gases that can be observed the
increased release rate above 425 °C. However, as seen in Figure 4-12, the two steps
release of phosphorus radicals is the most pronounced for the DOPO samples and
practically non-existent for the DOPO-OH sample. Indeed, for the DOPO-OH sample,
the release of PO and PO, occurs in a single step. The delayed release of radicals suggests
that, during the thermal oxidation DOPO-OH modified resin, the char is formed much
earlier and that it is less permeable than one formed when the DOPO modified resin is
exposed to heat. Such observation agrees with the ability of phosphoric acid derivatives

. 109,110
to promote char formation.

The delay in the release of phosphorus radicals was also observed when the
DOPS-OH-containing cured resin was compared to the DOPS modified resin. Indeed,
for the DOPS sample, the first release started at ~ 225 °C followed by a faster release at

350 °C. In contrast, for the cured resin containing DOPS-OH, the release of phosphorus
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radical started relatively slowly at ~ 260 °C and the rate gradually increased with the

increase of temperature.
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Figure 4-12: Thermal desorption mass spectrum of the DEN 438 cured resins
preformulated with DOPO (top-left), DOPS (top-right), DOPO-OH (bottom left) and
DOPS-OH (bottom-right). The abundance of PO (blue), PO2/PS (red), HPO (green),
POS (yellow) are plotted as a function of temperature.

The relative intensity for each phosphorus radical did not vary with the oxidation
of the phosphorus however, a variation was observed between the sulphide and oxide
derivatives. As mentioned eatliet, the PO and PO, /PS radicals are the dominant species
in the gas phase. As shown in Figure 4-12, the order of release of the radicals depends on
the chemical environment around the phosphorus. For the phosphaphenanthrene oxide
derivative DOPS, the PO, radicals are release before PO, which suggests that the PO
radicals are produced from the reaction of PO, radicals with oxygen. On the other hand,
for the phosphaphenanthrene sulfide derivatives, the release of PO radicals occurs before
the release of PO,/PS radicals. Moreover a higher initial rate is observed for the DOPS-
OH cured resin. In addition, the release of PO,/PS exceed that of PO radicals for DOPS
and not for DOPS-OH. This suggest that the release PO radicals initiate the flame
retardant mechanism of phosphaphenanthrene sulphide however, recombination in the

gas flame allows the formation of PS radicals that can enhance the gas phase efficiency.
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This could rationalised the lower phosphorus loadings required to impart UL-94 VO
rating when DOPS is used a flame retardant for DEN 438 resin cured with DICY and

fenuron.

4.7 Summary

The thermal stability and flame retardancy of materials containing the

organophosphorus compounds synthesised in chapter 3 was tested.

All heterocyclic organophosphorus compounds were grafted on the epoxy
phenol novolac resin commercialised by Dow Chemicals using the fusion process. The
modified resins were then cured with DICY and Fenuron. Functionalisation of the epoxy
resin resulted in a decrease of theTg for all samples presented. The sulfide derivatives
(DOPS, DOPS-OH, DAPS-OH, DDPS and DDPS-OH) had a more pronounced effect
on the Tg than their oxide analogs (DOPO, DOPO-OH, DAPO, DDPO and DDPO-
OH).This detrimental effect could however be diminished when the oxidised
compounds were used. On the other hand, modification of DEN438 with the nitrogen
derivatives (DAPO and DAPS-OH) had a lesser impact on the glass transition
temperature of the cured resin. The beneficial influence of nitrogen derivatives can be
attributed to the reactivity of the amine functionality. As predicted, during the curing
process, the amine can contribute to the cross-linking reaction thus minimising the
detrimental effect of reducing the number of epoxy groups during the fusion process.
Nonetheless, the increase of viscosity generates during the preformulation processed
rendered, DAPS-OH and DDPS-OH not adequate for application in FR-4 composite as

the preformulations were almost solid.

TGA analysis of the cured materials indicated that the presence of phosphorus
containing moieties slightly increased the char formation. DAPO was found to have the
most beneficial impact on the char formation from all the studied compounds. The
ability of nitrogen containing molecules to promote the char formation was previously

reported, and used in the melamine polyphosphate flame retardant.'*'"

UL-94 test of the modified epoxy phenol novolac resins cured with DICY and
Fenuron showed that DOPS was the best flame retardant as only 1.0 % phosphorus
loading was required to impart UL-94 VO rating. The DAPO moditfied resin could reach
UL-94 VO rating with similar loading to the commercially available DOPO. Hence,

DAPO represents a viable flame retardant for FR-4 composites as it does not generated
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any drastic loss of functionality. The acid derivatives demonstrated better flame retardant
performance than their sulphide and oxide analogues, which is in agreement with the
observations from Braun es a/’' As predicted, the dioxophosphorinane derivatives

required higher loading to impart flame retardant ratings.

In order to further understand the influence of sulphur on the flame retardancy,
the limiting oxygen index (LOI) and burning rate were measured. The presence of
sulphur did not increase the LOI of the modified resins. In addition, no significant
change in mechanism of flame retardancy was observed for the phosphaphenanthrene
derivatives. Nonetheless, the presence of sulphur increased the ease of ignition of
dioxophosphorinane derivatives, suggesting that sulphur promotes the gas phase
mechanism. The possible competition of mechanism was validated when the structures
of the chars were observed. Indeed, in comparison to DDPO modified resin, the char
formed was less voluminous, which indicated that the intumescence of DDPO was

reduced.

The influence of PS radicals in the gas phase was verified using TD-MS analysis
of DOPO, DOPS, DOPO-OH and DOPS-OH. Indeed, the resin preformulated with
DOPS showed a sequential release of PO and PS radical that can rationalise the low

phosphorus loading required to impart ULL-94 VO rating to DEN438.
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CHAPTER 5: SYNERGISM OF DOPO WITH
EXFOLIATED NANOCLAY IN EPOXY RESIN

5.1 Introduction

Despite their high flame retardant efficiency, organophosphorus compounds
suffer from a relatively high production price in comparison to inorganic flame
retardants. This increase in production cost contributes to delaying their use in polymeric
systems. In order to counter-affect the increases in cost, the combination of

organophosphorus compounds with inorganic clay has been investigated.'*'"*

Unlike organophosphorus flame retardants who’s flame retardant activity is
generally associated with the gas phase, inorganic fillers act in the condensed phase.”
Their main mechanism of action consists of reducing the available combustible fuel
during the fire event. In addition, metal hydroxide can act as heat sinks. During the
combustion of the polymeric material, aluminium hydroxide undergo an endothermic
decomposition that removes energy away from the flame cycle and produces water as a

flame diluents.|c.f. Chater 1]

5.2 Influence of Cloisite 30B

The use of nanoclay to enhance the fire resistance of polymeric materials has
been the subject of increase interest in the past decade.” In addition to enhance the fire
resistance of polymeric materials, nanoclays were also reported to improve other
properties.'>""® However, the solubility of inorganic nanoclays in polymeric is very

reduced. Hence, nanoclays are organically modified in order to improve their solubility.

The intercalation of different organoclayswas reported to impart flame retardancy
to DGEBA cured with methyl tetrahydrophthlic anhydride. Out of the wide range
nanoclays investigated, the organically modified montmorillonite Cloisite 30B was
reported to have the best fire retardant performance as it reduced the heat release rate
the cured DGEBA resin by 68 %. The reduction of heat release was attributed to the

formation of a protective layer at the surface of the burning polymer.
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In order to study the possible synergism of nanoclay on the flame retardancy of
DOPO in DEN 438, functionalised resins were mixed with Cloisite 30B and the

retardancy was investigated.®

5

HRR

 J

time

Figure 5-1: Idealised Heat Release Rate (HRR) of for the combustion of DEN 438
(black) with DOPO (blue), nanoclay (light green), or DOPO and nanoclay (dashed dark
green).

5.2.1 Formulation

The flame retardant efficiency of organoclays is linked to the extent of dispersion
within the epoxy resin matrix.*""*"" 1 Nonetheless, prior to investigating the level of
exfoliation of the epoxy resin in different concentration of cloisite 30B, four materials

were prepared (Table 5-1).

Table 5-1: Summary of formulations investigated.

Sample Resin DOPO Cloisite 30B
(%P) (Wt %)
1 DEN 438 0 0
2 DEN 438 1 0
3 DEN 438 0 1
4 DEN 438 1 1

5.2.2 Thermal stability investigation

The thermal decomposition of the exfoliated materials in oxidative atmosphere is
shown in Figure 5-2. All the cured samples show a two steps decomposition process.

The first step is associated with dehydration reactions and the dissociation of the weak P-

© This project is part of a collaboration with Prof. G. Camino at the Politecnico di Torino in Italy.
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O and P-N bonds, whereas the second step is related to the oxidation of the dehydration
products, which involve C-C bond breaking and radical recombination (c.f. Chap 1). As
seem in Figure 5-2, the onset decomposition temperature (Td) is similar for all materials
studied. However, the second step occurs at different temperatures. In the case of the
neat DEN 438 resin, the temperature are which 50 % of the mass is lost (Td;) is at 475
°C, while the materials containing flame retardants decompose at 515 °C and 534 °C, for
the DOPO-modified resin and exfoliated DOPO-modified resin respectively. The
increase in decomposition temperature indicates that the presence of phosphorus

promotes the formation of non-volatile residues.

When the same samples were heated in a N, atmosphere, a different
decomposition pattern was observed (Figure 5-3). Similarly to the onset decomposition
observed in air, the chemical addition of phosphorus resulted in a decrease of the onset
decomposition temperature (Table 5-2). However, unlike the thermograms in air, only
one step was observed. The absence of the second of the second oxidative step is
rationalised by the absence of O,. As seen in Figure 5-3, the addition of phosphorus
resulted in a slight increase of char formation, which is in agreement with the
decomposition observed in air. However, no synergism between Cloisite 30B and

DOPO was observed in the TGA analysis.

Table 5-2: Summary of UL-94, Tgmeasured using differential scanning calorimetry and
TGA data.

UL94 Tg Td Air N, % Char
# rating (°C) 5% 10% 5% 10% N,
1 n.c 182 363 383 355 372 29
2 Vi 162 351 375 342 361 32
3 n.c. 188 366 391 355 371 31
4 VO 167 356 381 336 366 34
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Figure 5-2: Thermal gravimetric curves in air of cured DEN 438 (black); with DOPO (1

%P) (red); with Cloisite 30B (red); with DOPO and Cloisite 30B (blue). The vertical blue
line emphasises the temperature at which 50% of the initial weight is lost.

105 ~

——DEN 438
———DEN 438 + DOPO
95 DEN 438 + Cloisite 30B

== DEN 438 + DOPO + Cloisite 30 B

85 1

75 1

65 -

Mass (%)

55 4

45 A

35

25

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 5-3: Thermal gravimetric curves in N3 of cured DEN 438 (black); with DOPO (1
%P) (red); with Cloisite 30B (red); with DOPO and Cloisite 30B (blue). The vertical lines
emphasises the temperature at which 95% of the initial weight is lost.
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5.2.3 Oxygen index test (OIT)

The Limiting Oxygen Index of the four samples was measured.! As seen in table
5-2, the addition of DOPO to DEN 438 resulted in a 10 % inctrease of the LOI. This is
increase of LOI is coincident with the reduced flammability observed in section 4.5.
Similarly to the observation by Camino et al in DGEBA, the addition of Cloisite 30B did
not have any significant impact on the flammability of DEN 438. Correspondingly, the
presence of 1 wt% Cloisite 30B did not influence the flammability of the DOPO-
modified epoxy phenol novolac resin. In addition no significant impact on the burning

rate were observed.

Table 5-3: LOI and combustion rates.

Sample LOI (%0,) o (%0,) Rate(mm/min) o (mm/min)
1 27.4 0.16 28.4 6.1
2 37.0 0.10 32.7 5.8
3 27.3 0.14 29.8 2.4
4 36.8 0.29 30.4 2.4

The effect of the addition of the limiting nitrogen protoxide index (LNI) are
summarised in Table 5-3. As expected, the replacement of oxygen by the less powerful
oxidand N,O resulting in higher LNI values than the LOI value oberseved in Table 5-2.
Nonetheless, the trends observed are almost identical. The modification of the epoxy
phenol novolak resin with DOPO resulted in a 10 % increase of the LNI, whereas no
significant impact was observed whether Cloisite 30B was dispersed into the pristine or
the modified resin. Similarly to the rates measured in oxygen atmosphere, the addition of
Cloisite 30B did not result in any significant changes. However, DOPO-modified resin
burnt faster than the pristine resin. Moreover the addition of Cloisite 30B to the DOPO-

modified resin resulted in a further increase of the rate of combustion.

Table 5-4: LNI and combustion rates.

Sample NOI (%N,0) ¢ (%N,0) Rate (mm/min) o(mm/min)
1 49.1 1.05 25.7 3.3
2 58.3 <1.8 29.5 2.8
3 49.1 1.05 22.8 4.15
4 56.5 1.27 32.2 2.7

d : iy T
The measurement were carried out by Matteo Lavaselli in the Politecnico di Torino, Italy
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5.2.4 Cone calorimetry measurements

In order to gain a better understanding of the decomposition process of the
DOPO-modified epoxy phenol novolac resin and its possible synergism with the
organically modified montmorillonite nanoclay Cloisite 30B, cone calorimetry
measurement were carried out. The main parameters of the test are summarised in Table

5-5:
e Time to ignition (TTI): time at which the ignition occurs;

e DPeak of heat release rate (pkHRR): peak value of the curve of heat release

rate, for these materials two main peaks are recorded;
e Heat release rate (HRR): average value of the heat release rate;
e Total heat released (THR);

e Total smoke released (TSR): total quantity of smoke released during the

test;
e Self extinguishing area (SEA): represent the optical density of the smoke;
e Carbon monoxide (CO);

e Carbon dioxide (CO,).

Table 5-5: Summary of the cone calorimetric measurements

TTI  pkHRR pkHRR  HRR THR TSR SEA co CO,
[sec] 1 2 [kW/m? [MJ/m?  [m?m?  [m?kg] [kg/kg] [kg/kg]
[kW/m?]  [kW/m?]

1 122 455 428 134 138 3674 611 0.0761 2.32
115(- 285 306 111 122 4506 729 0.1305 1,94
7")  (37.4%) (28.5%) (-17%) (11.6%) (+22.7%) (+19.3%) (+71%) (16.4%)

3 129 467 440 141 141 3701 614 0.0693 530

(+2.%) (+2.%) (+5.%) (2.2%) (+0.7) (+0.5)  (-8.9%) :

4 110 282 362 119 109 4289 723 0.1188 1.8

(12)  (-38%)  (15.%) (11.%) (-21%) (+16%)  (+18%) (+56.1%) (22.4%)

As seen in Figure 5-4, the HRR curve of the neat DEN 438 is characterised by
the presence of two peaks. During the combustion of the sample, the formation of a
carbonaceous layer on the surface that acts as a protective barrier results in decrease the
HRR curve. However, as the combustion proceeds, the insulating layer degrades and the
underlying material becomes exposed to the heat source, which results in the appearance

of second peak. This two peak values are comparable and the first one is slightly higher.
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The chemical addition of DOPO to the epoxy phenol novolac resin led to a
noticeable decrease of the peak value of 37.4% and 28.5%, for the first and second peak
respectively (Table 5-5). Similarly, the presence of DOPO had a positive effect on both
the average value of the heat release rate and the total heat released, as they were
significantly reduced. On the other hand, an increase of the total production and density
of the smoke was observed. Moreover, a strong increase (+71%) in the production of

carbon monoxide was recorded.

The addition of a small amount of Cloisite 30B led to variations of the studied

parameters lower than the analytical error (10%) (Table 5-5).

No synergism among the additives was observed. Indeed, the material with both

Cloisite 30B and DOPO presents values comparable with those of the material with

DOPO alone.
——DEN 438
——DEN 438 + DOPO (P 1%)
500 - ——DEN 438 + (1%) Clo 30B
——DEN 438 + DOPO (P 1%) + (1%) Clo 30B
400 4
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Figure 5-4: Heat release rate (HRR) for of the DEN 438 samples.
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5.3 Summary

The effect of a phosphorous based flame retardant (DOPO) and of a commercial
organomodified clay (Cloisite 30B) on the flammability and combustion behaviour of a
epoxy phenol novolac resin (DEN 438) were tested by differential scanning calorimetry
(DSC), thermal gravimetry analysis (TGA), limiting oxygen index (LOI), limiting nitrogen

protoxide index (LNI), vertical UL-94 and cone calorimeter.

The addition of DOPO leads to the improvement of the flammability and
combustion behaviour of the resin indeed an enhancement of LLOI and LNI and a

decrease of about 40% of the main peak of the HRR curve were obtained.

The addition of Cloisite 30B did not lead to noticeable improvement of the resin
flame resistance: this behaviour could be due to the very low concentration of the clay
(1%); future studies could be conducted on resin with an higher concentration of

additive, for example 3-5%.

The UL-94 was the only test that showed a synergy among the two additives. The
material with DOPO and Cloisite was classified VO, whereas the material with DOPO
alone reached the V1 classification. This classification has very important commercial
interest. The UL-94 result was surprising because, as discussed above, the nanoclay alone
did not modify the horizontal burning (Cone calorimeter) and the vertical burning with

the flame from the top (LOI — LNI).

The results confirms that the DOPO acts in the condensed phase as, increasing

the flame retardant concentration, the LOI and LLNI have the same behaviout.
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CHAPTER 6: CONCLUSION

In the course of this doctoral work, the influence of organophosphorus
compounds containing different heteroatoms in the chemical environment on the flame

retardancy of epoxy phenol novolac resin was studied.

Prior to investigating their flame retardant properties, the synthesis of a series of
derivatives of the heterocyclic DOPO with different chemical environment around the
phosphorus was presented. Firstly, in order to investigate the role of PS radicals in the
flame retardancy of epoxy phenol novolac resin DEN 438, the synthesis of the new 6H-
dibenzo[c,e][1,2]oxaphosphinine 6-sulfide (4) (DOPS) was investigated. Compound (4)
was successfully obtained using different thionation agents and underwent nucleophilic
additions such as the Pudovik reaction as well as the Atherton-Todd reaction. Secondly,
the thionation procedure used for the synthesis of DOPS was applied to obtain DDPS.
Similarly to DOPO, and DDPO, the P-H bond could be activated to generate the
phosphonate nucleophilic species that could react with unsaturated functionality. Then,
the synthesis of DAPO was optimised and the reactivity of P-H bond was compared to
the other phosphine oxides. DAPO successfully underwent an addition reaction with
benzaldehyde, which confirmed that its potential use as reactive flame retardant for
epoxy resins. Lastly, two new sulphur derivatives of DAPO, DAPS and DAPS-OH were
synthesised using the synthesis route developed for the DOPO and DDPO derivatives.

All the compounds shown in Figure 3-26, were synthesised using 1 or 2 steps
synthesis from commercially available starting materials. Moreover, all heterocyclic
organophosphorus compounds presented were obtained in high yield and with high level
of purity. The variety of environment around the phosphorus atom also makes such
compounds interesting for studies where the binding properties of phosphorus are
investigated. The ease of synthesis of the organophosphorus molecules presented
combined with their broad range of reactivity make them promising compounds for a

wide spectrum of molecules and applications.

In order to investigate the thermal stability and flame retardancy of materials

containing the organophosphorus compounds synthesised in chapter, all heterocyclic
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organophosphorus compounds were grafted on the epoxy novolac resin commercialised
by Dow Chemicals using the fusion process. The modified resins were then cured with
DICY and Fenuron. Functionalisation of the epoxy resin resulted in a decrease of the Tg
for all samples presented. The sulfide derivatives (DOPS, DOPS-OH, DAPS-OH,
DDPS and DDPS-OH) had a more pronounced effect on the Tg than their oxide
analogs (DOPO, DOPO-OH, DAPO, DDPO and DDPO-OH). However, modification
of the resin with the nitrogen derivatives (DAPO and DAPS-OH) had a lesser impact on
the glass transition temperature of the cured resin. The beneficial influence of nitrogen
derivatives can be attributed to the reactivity of the amine functionality. As predicted,
during the curing process, the N-H group can contribute to the cross-linking reaction
thus minimising the detrimental effect of reducing the number of epoxy groups during

the fusion process.

UL-94 test of the modified epoxy phenol novolac resins cured with DICY and
Fenuron showed that DOPS was the best flame retardant as only 1.0 % phosphorus
loading was required to impart UL-94 VO rating. DAPO represents a viable flame
retardant for FR-4 composites as it does not generated any drastic loss of functionality
and impart UL-VO0 rating with similar phosphorus loading to DOPO. Moreover, DAPO
was found to have the most beneficial impact on the char formation from all the studied
compounds. The ability of nitrogen containing molecules to promote the char formation
was previously reported, and used in the melamine polyphosphate flame retardant. The
acid derivatives demonstrated better flame retardant performance than their sulphide and

oxide analogues, which is in agreement with the observations from Braun et al.”!

In order to further understand the influence of sulphur on the flame retardancy,
the limiting oxygen index (LOI) and burning rate were measured. The presence of
sulphur did not increase the LOI of the modified resins. Nonetheless, the presence of
sulphur increased the ease of ignition of dioxophosphorinane derivatives, suggesting that
sulphur promotes the gas phase mechanism. The possible competition of mechanism
was validated when the structures of the chars were observed. Indeed, in comparison to
DDPO-modified resin, the char formed from the decomposition of the DDPS
containing resin was less voluminous, which indicated that the intumescence of DDPO

was reduced.

TD-MS analysis was used to gain further understanding the influence of PS

radicals in the gas phase of DOPO, DOPS, DOPO-OH and DOPS-OH-modified epoxy
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phenol novolac resins. Indeed, the resin preformulated with DOPS showed a sequential
release of PO and PS radical that can rationalise the low phosphorus loading required to

impart UL-94 VO rating to DEN438.

Since the past decade, there has been a raise of interest towards the development
of nanocomposite flame retardant solutions. The DFT calculations, LOI, and TD-MS
experiments suggested that PO radicals were the active flame retardant species in the
DOPO derivatives. Hence, the addition of a condensed phase active material could
potentially lead to a synergistic flame retardancy. Such synergism would enable to reduce
the production costs as inorganic additives are generally cheaper organophosphorus
compounds. With this aspiration, the effect of a phosphorous based flame retardant
(DOPO) and of a commercial organomodified clay (Cloisite 30B) on the flammability
and combustion behaviour of an epoxy phenol novolac resin (DEN 438) were tested by
differential scanning calorimetry (DSC), thermal gravimetry analysis (TGA), Limiting
oxygen index (LOI), limiting nitrogen protoxide index (LNI), vertical UL-94 and cone

calorimeter.

The addition of DOPO leads to the improvement of the flammability and
combustion behaviour of the resin indeed an enhancement of LOI and LNI and a

decrease of about 40% of the main peak of the HRR curve were obtained.

The addition of Cloisite 30B did not lead to noticeable improvement of the resin
flame resistance: this behaviour could be due to the very low concentration of the clay
(1%); tuture studies could be conducted on resin with a higher concentration of additive,

for example 3-5%.

The UL-94 was the only test that showed a synergy among the two additives. The
material with DOPO and Cloisite was classified V0O, whereas the material with DOPO
alone reached the V1 classification. This classification has very important commercial
interest. The UL-94 result was surprising because, as discussed above, the nanoclay alone
did not modify the horizontal burning (Cone calorimeter) and the vertical burning with
the flame from the top (LOI — LNI). Hence, further studies using higher loadings or
different organophosphorus compounds atre required to obtain a better understanding of

the synergism observed in the UL-94 tests.

In summary, a series of organophosphorus compounds with different
heteroatoms around the phosphorus was synthesized and their reactivity was tested prior

to grafting on epoxy phenol novolac resin. All compounds enhanced the flame retardant
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efficiency of DEN 438. TD-MS showed that sequential release of PS and PO radicals
participated to its high flame retardant properties. The addition of an organically
modified montmorillonite clay to a DOPO-modified resin did not results in any
observable synergism in the cone calorimetry. Nonetheless, cone calorimetry represents
an excellent tool to investigated the mechanism of thermal decomposition and the PS-

PO synergism should be further studied using this method.
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CHAPTER 7: EXPERIMENTAL SECTION

7.1 General experimental

Unless stated otherwise, solvents and chemicals were obtained from commercial
sources and used without further purification. With the exception of DOP-CI and
DOPO which were provided by Krems Chemie and Schill & Seilacher respectivevly, all
starting materials were purchased from Sigma-Aldrich. NMR spectra were recorded with
a Varian INOVA-400 (400 MHz). Chemical shifts are reported as 6 values relative to the
solvent peak. Trimethylsilane was used as a standard. All *'P-NMR spectra are measured
proton decoupled. All "C-NMR spectra were measured proton decoupled and
phosphorus coupled. 'H-NMR spectra were measured phosphorus coupled. Melting
points are uncorrected and measured with a Biichi B-545. High resolution mass
spectrometry (HR-MS) analyses were performed on a MicroMass GCT (time of flight
(TOK); electron ionization (EI), 70 eV). IR spectra were recorded with a Varian 660-IR
(FT-IR). Crystal structure analyses were conducted on a Siemens SMART-1000-CCD
with Mo-K, (A=0.71073, graphite monochromator) at 200 K. A Lorentz and
Polarisation correction was applied. Experimental absorption correction were done with
SADABS, structure solving and refining was done with SHELX 97. XPMA and Mercury

2.2 were used for visualisation.

7.2 Synthesis

Q Chemical Formula: C1,HoOPS

|
O R=S Molecular Weight: 232.24
H

6 H-dibenzo|[c,e€] [1,2] oxaphosphinine 6-sulfide (4):**" In a flame-dried three
neck round bottom flask fitted with a gas inlet, a thermometer and a gas outlet leading to
a NaOH aqueous solution, H,S gas was bubbled through a solution of DOP-CI (40.0 g,

171 mmol) in dry toluene (120 mL) at room temperature. The released acid was then
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trapped with triethylamine (19.0 g, 188 mmol). The suspension was filtered and
concentrated 7 vacuo to yield a colotless powder (35.2 g, 152 mmol, 89 %). mp 88 °C; °'P
NMR (101 MHz, CDCL) 8 57.1 ppm; "C NMR (101 MHz, CDCl,) & 149.7 (d, ] = 11.2
Hz, 1C), 135.7 (d, | = 5.4 Hz, 1C), 1349 (s, 1C), 131.7 (d, ] = 14.0 Hz, 1C), 131.1 (s,
10), 129.0 (d, ] = 14.7 Hz, 1C), 125.6 (d, ] = 5.2 Hz, 1C), 125.4 (s, 1C), 1249 (d, | =
10.4 Hz, 1C), 124.2 (d, ] = 9.5 Hz, 1C), 123.6 (d, ] = 13.5 Hz, 1C), 120.8 ppm (d, ] = 5.9
Hz, 1C); 'H NMR (400 MHz, CDCL,) 8 8.37 (d, ] = 536.8 Hz, 1H), 7.95 (dd, ] = 15.9
Hz, ] =7.6 Hz, 1H), 7.8 (d, ] = 8.1 Hz, 1H), 7.83-7.80 (m, 2H), 7.66 (dt, ] = 7.7 Hz, |
= 1.1 Hz, 1H), 7.50 (dt, ] = 7.5 Hz, ] = 3.2 Hz, 1H), 7.35 (dt, ] = 8.4 Hz, ] = 1.1 Hz,
1H), 7.24 (dt, ] = 8.0 Hz, ] = 0.8 Hz, 1H), 7.20 ppm (dd, ] = 8.1 Hz, ] = 0.9 Hz, 1H); IR
(KBr) v 3061, 2364 (w, P-H), 1578 (m, P-C,), 1194 (vs, P-O), 941 (vs, P=S), 758 (s, C-
H bend) cm™; HR MS (EI) calcd for [C,,H,OPS]" 232.0112, found 232.0112.

Alternative experimental procedure for the synthesis of 1:

Using Phosphorus pentasulfide:

DOPO (54 g, 0.25 mol) and dry toluene (150 mL) were fed into a three neck
round bottom flask equipped with a mechanic stirrer, a gas inlet and a thermometer This
mixture was heated up to 55 °C under an Ar atmosphere. P,S,; (13.9 g, 0.03125 mol) was
then added and the reaction mixture was stirred at 55 °C. After 2 hours at 55 °C, a
second portion (13.9g) of P,S,;was added and the mixture was stirred at 40°C over a
period of 15 h under Ar atmosphere. The cloudy solution was decanted up from the
phosphorus sulfides/oxides and was filtered through a thin layer of silica gel. Afterwards
the toluene was removed 7 vacuo. The resulting oil was dissolved in chloroform (100 ml).
A small amount of a precipitate was removed by filtration. The filtrate was then stirred
with an aqueous solution of sodium hydrogen carbonate (100 ml) of for 20 min under
argon (the chloroformic phase became milk-like; evolution of CO,). The cloudy
chloroformic phase was collected dried over sodium sulphate and filtered over silica gel.

The resulting clear solution was concentrated 7z vacuo to yield an oily product that
gradually solidified (43.5g, 0.18mol, 70 %). mp 88 °C; >'P NMR (101 MHz, CDCL,) &
57.1 ppm.

Using Lawesson reagent:

DOPO (0.32 g, 1.50 mmol), Lawesson reagent (1.22 g, 3.0 mmol) and dry

toluene (100 mL) were charged into a three neck round bottom flask equipped with a
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mechanic stirrer, a gas inlet and a thermometer. While under Ar atmosphere, this mixture
was heated up to 140 °C using an oil bath. After 1h at 140 °C, the oil bath was removed
and the reaction mixture allowed to cool to room temperature. Once cooled the solvent
was removed 7 vacuo to yield a brown solid. The unpure product was then redissolved in
chloroform and filtered over silica gel. The resulting liquid was then concentrated 7 vacuo
to yield a pale yellow syrup. The syrup was then recrystallised from acetonitrile to yield a

crystalline white solid (0.118g, 0.51 mmol, 34 %). mp 88 °C;”'P NMR (101 MHz, CDCl,)

8 57.1 ppm.
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[ Chemical Formula: C1gH,303PS

O ~~ OH Molecular Weight: 340.33

HO

2-(10-Thioxo-10H-9-0oxa-10A’>-phospha-phenanthren-10-yl)-benzene-1,4-

diol (4): A thoroughly dried 2-neck round bottom flask fitted with a condenser and an
Ar gas inlet was charged with DOPS (12.3 g, 53.0 mmol) an dry toluene (20 mL). This
solution was heated under positive argon pressure using an oil bath at 110 °C. While
under Ar atmosphere, benzoquinone (6.30 g, 58.0 mmol) was added in portions to the
stirring solution over a period of 30 min. After 3.5 h under reflux, 4 was fully consumed
and the heat source was removed to allow the reaction mixture to cool down to room
temperature. The crude black reaction mixture was concentrated 7 vacuo to yield a black
solid. The black solid was triturated with cold dichloromethane and the resulting
suspension was filtered to yield a spectroscopically pure off-white solid (13.3 g, 39.2
mmol, 74 %). mp 127 °C; *'P NMR(101 MHz, DMSO-d,) & 73.6 ppm; "C NMR (101
MHz, DMSO-dy) 6 152.5 (s, 1C), 150.0 (d, /] = 18.2 Hz, 1C), 149.7 (d, ] = 9.8 Hz, 1C),
134.0 (d, ] = 4.6 Hz, 1C), 132.8 (s, 1C), 131.1 (s, 1C) 130.1 (d, ] = 14.2 Hz, 1C), 129.2 (d,
J = 106.4 Hz, 1C), 129.2 (d, ] = 14.6 Hz, 1C), 126.1 (s, 1C), 125.1 (s, 1C), 1242 (d, ] =
8.8 Hz, 1C), 123.4 (s, 1C), 122.5 (d, ] = 12.4 Hz, 1C), 121.0 (d, ] = 5.8 Hz, 1C), 120.4 (d,
J =14.2 Hz, 1C), 118.1 (d, ] = 9.2 Hz, 1C), 116.8 (d, ] = 111.8 Hz, 1C); '"H NMR (400
MHz, DMSO-d,) 6 9.53 (s, 1H), 9.21 (s, 1H), 8.11 (d, ] = 7.8 Hz, 2H), 7.63 (dt, ] = 6.6
Hz, | = 1.3 Hz, 1H), 7.47-7.36 (m, 4H), 7.24 (dt, ] = 7.2 Hz, | = 0.8 Hz, 1H), 7.18 (dd, |
= 8.1 Hz, ] = 0.6 Hz, 1H), 6.85 (dd, ] = 8.7 Hz, ] = 2.8 Hz, 1H), 6.58 ppm (t, ] = 5.6
Hz, 1H); IR (KBr) v3267 (br, -OH), 3190, 1591 (s, P-C,), 1580, 1471, 1221 (vs, P-O),
1182 (vs, P-0), 901 (vs, P=S), 752 cm™'; HRMS (EI) calcd for [*C,sH,;PO,S]* 340.0326,
found 340.0323.
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The experimental data for compound 9 is given as a typical representative of an

Atherton-Todd reaction involving DOPS (4) as a substrate.

‘ 0O Chemical Formula: C17H;gNOPS
F',;S Molecular Weight: 315.37
\

e

1-(10-Thioxo-10H-9-oxa-10)\’-phospha-phenanthren-10-yl)-piperidine  (9):
A flame dried three neck flask with a condenser, thermometer and an addition funnel
was charged with 1 (3.80 g, 16.4 mmol), carbon tetrachloride (2.77 g, 18.0 mmol) and 20
mL of dry chloroform. The reaction mixture was cooled with an ice bath to 5 °C. The
addition funnel was charged with triethylamine (1.80 g, 18.0 mmol) and piperidine (1.39
g, 16.4 mmol) dissolved in 20 mL of dry chloroform. The triethylamine mixture was
added dropwise under vigorous stirring. The reaction temperature was not allowed to
exceed 10 °C. After 1 h the addition was complete and NMR analysis indicated complete
conversion of the starting material. The reaction mixture was washed three times with 50
ml water to remove the triethylamine hydrochloride. The organic phase was isolated,
dried over MgSO, and the solvent was removedzz vacuo. The spectroscopically pure
product was obtained as a brown solid (4.51 g, 14.3 mmol, 87%) mp 72-74 °C; *'P NMR
(101 MHz, CDCl,) & 72.3 ppm; “C NMR (101 MHz, CDCL) 8§ 149.2 (s, 1C), 136.0 (s,
10), 132.1 (s, 1C), 130.2 (s, 1C), 129.1 (d, ] = 11.0 Hz, 1C), 128.6 (d, /] = 14.7 Hz, 1C),
128.2 (d, ] = 137.0 Hz, 1C), 124.9 (s, 1C), 124.2 (s, 1C), 123.7 (d, ] = 10.7 Hz, 1C), 122.5
(d, ] = 11.8 Hz, 1C), 120.6 (d, ] = 5.7 Hz, 1C), 46.0 (2C), 26.2 (s, 1C), 26.1 (s, 1C), 24.5
ppm (s, 1C); '"H NMR (400 MHz, CDCL,) 8=7.92-7.87 (m, 2H), 7.77 (ddd, ] = 15.1 Hz, |
= 7.6 Hz, ] =12 Hz, 1H), 7.60 (tt, ] = 7.5 Hz, ] = 1.3 Hz, 1H), 7.46 (ddt, ] = 7.5 Hz, | =
3.1 Hz, ] = 0.9 Hz, 1H), 7.35 (tt, ] = 7.6 Hz, ] = 1.2 Hz, 1H), 7.26-7.18 (m, 2H), 3.34—
3.28 (m, 4H, N-CH,), 1.63-1.60 (m, 2H, CH,), 1.54-1.49 ppm (m, 4H, CH,); IR (KBr) v
3052, 2955, 2934, 2918, 2848, 1604 (w, P-C,)), 1580, 1474, 1443, 1425, 1206 (vs, P-O),
1164, 1113, 1059 (vs, P-N), 962 (vs, P=S), 783, 746, 725 cm; HRMS (EI) calcd for
[*C,;H (NPOS]" 315.0847, found 315.0852.
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O O\P//S Chemical Formula: CooH17;0,PS
\O Molecular Weight: 352.39

10-Phenethyloxy-9-oxa-10-phospha-phenanthrene 10-sulfide(7).The product
was isolated as a white solid(4.31 g, 12.2 mmol, 75%). mp 102-104 °C;>'P NMR (101
MHz, CDCLy) 8 76.9 ppm; C NMR (101 MHz, CDCly) § 149.7 (d, ] = 11.3 Hz, 1C),
136.7 (s, 1C), 134.4 (d, ] = 4.9 Hz, 1C), 133.1 (s, 1C), 130.6 (] = 14.7 Hz, 1C), 130.2 (s,
10), 128.6 (s, 2C), 128.4 (s, 2C), 128.0 (s, 1C), 126.8 (d, ] = 145.7 Hz, 1C),126.4 (s, 1C),
125.1 (s, 1C), 124.6 (s, 1C), 123.6 (d, ] = 10.6 Hz, 1C), 122.6 (d, ] = 12,2 Hz, 1C), 119.9
(d, ] =5.8 Hz, 1C), 66.9 (d, ] = 6.7 Hz, 1C, CH,), 36.3 ppm (d, ] = 6.2 Hz, 1C, CH,); 'H
NMR (400 MHz, CDCLy) 8 7.91 (dd, ] = 16.9 Hz, | = 7.6 Hz, 1H), 7.78-7.74 (m, 2H),
7.54 (dt, ] = 7.5 Hz, | = 1.2 Hz, 1H), 7.35 (dt, ] = 7.5 Hz, ] = 3.7Hz, 1H), 7.25-721 (m,
1H), 7.13 (t,/ = 7.8 Hz,1H), 7.08-702 (m, 4H),6.88-6.86 (m, 2H) 4.24-4.18 (m, 2H, CH,),
2.77-2.66 ppm (m, 2H, CH,);IR (KBr) v 3062, 3023, 2977, 2947, 2889, 1606 (w, P-C,,),
1580, 1559, 14906, 1474, 1447, 1429, 1194 (vs, P-O), 1115 (vs, P-O), 1045, 902 (vs, P=S),
754,733,716, 696 cm™; HRMS (EI) calcd for [*C,,H,,PO,S]|" 352.0687, found 352.0721.
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W
pC /\/@ Chemical Formula: CoyH1gNOPS
O N Molecular Weight: 351.40

Phenethyl-(10-thioxo-10H-9-oxa-10A’-phospha-phenanthren-10-yl)-amine

(8). The product was isolated as a white solid (5.76g, 16.4 mmol, 82 %). mp 106-109°C;
’'P NMR (101 MHz, CDCL,) § 69.3 ppm; C NMR (101 MHz, CDCl,) § 137.2 (s, 1C),
133.7 (d, ] = 6.6 Hz, 1C), 131.5 (s, 1C), 129.4 (s, 1C), 128.6 (d, ] = 11.6 Hz, 1C), 127.8 (s,
2C), 127.6 (s, 1C), 127.5 (s, 1C), 126.5 (d, ] = 133 Hz, 1C), 125.6 (s, 1C), 124.0 (s, 1C),
123.5 (s, 1C), 122.7 (d, ] = 10.6 Hz, 1C), 121.6 (d, ] = 12.1 Hz, 1C), 119.8 (d, ] = 5.9 Hz,
1C), 42.5 (s, 1C), 36.8 ppm (d, ] = 5.3 Hz, 1C); 'H NMR (400 MHz, CDCL,) 8 7.83 (d, ]
= 8.1 Hz, 1H), 7.82 (d, ] = 6.5 Hz, 1H), 7.73 (dd, ] = 14.9, ] = 7.1 Hz, 1H), 7.55 (dt, ] =
8.5Hz, ] =13 Hz, 1H), 7.38 (dt, ] = 7.5 Hz, ] = 3.3 Hz, 1H), 7.31 (dt, ] = 82 Hz, | =
1.1 Hz, 1H), 7.20-7.11 (m, 6H), 7.00 (dd, J = 8.0 Hz, ] = 0.9 Hz, 2H), 3.30 (q, ] = 6.7 Hz,
1H), 3.19-3.09 (m, 2H), 2.74-2.62 ppm (m, 2H); IR (KBr) v 3301 (br, -NH), 3062, 3028,
2932, 1582 (m, P-C,,), 1477, 1211 (vs, P-O), 1092 (vs, P-N), 745 cm™'; HRMS (EI)calcd
for [*C,,H,;NPOS]" 351.0847, found 351.0891.
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S. OH

\_/

oo Chemical Formula: CsH1103PS

% Molecular Weight: 182.18

5,5-dimethyl-[1,3,2]-Dioxaphosphorinane thionic acid (DDPS-OH) (11):*
In a 2 neck round bottom flask fitted with a condenser, DDPO (33.6 g, 224.0 mmol),
toluene (100 ml) and sulphur (8.2 g, 246.0 mmol) were charged and heated at 110 °C
using and oil bath. After 18 h at 110 °C, NMR analysis of an aliquot of the reaction
showed the presence of unreacted DDPO. Hence, additional sulphur (3.6 g, 112.5 mmol)
was added and the reaction was maintained at 110 °C. After 18h, the heat source was
removed and the reaction mixture cooled to room temperature. The unsoluble sulphur
was filtered off and the clear yellow filtrate was concentrated 7z vacuo to yield a yellow
syrup. Trituration of the syrup with cold toluene (80 ml) resulted in the precipitation of
white solid. Filtration of the suspension yielded the target molecule DDPS-OH as a
white powder (29.74 g, 163.6 mmol, 74 %). mp 73 C, lit. 72-73;** *'P-NMR & 55.5 ppm;
PC-NMR & = 77.3 (5, 1C), 77.2 (5, 1C), 32.3 (d, ] = 6.1 Hz, 1C), 21.3 (s, 1C), 21.1 ppm
(s,1C); '"H-NMR 8 8.04 (s, 1H), 4.16-3.94 (m, 4H), 1.12 (s, 3H), 1.00 ppm(s, 3H); HRMS
(EI) calc for [*CsH,,O,PS]" 182.0167 found 182.0185.
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P~
Chemical Formula: CsH41oCIO,P
Molecular Weight: 168.56

2-chloro-5,5-dimethyl-1,3,2-Dioxaphosphorinane, (DDP-Cl) (12):"" was
synthesised using the literature procedure. Neopentylglycol (156 g, 1.5 mol) was added in
portion to a thoroughly dried round bottom flask charged with PCl; (220 g, 1.6 mol),
cooled with an ice bath and fitted with a condensed and an argon inlet tube. The reaction
was stirred under argon pressure and HCI evolved. Once the HCI production ceased, the

coloutless translucent liquid was distilled (50 mbar, 80 C) to yield the target moisture

sensitive DDP-Cl as a clear liquid (240 g, 95 %) *'P-NMR (CDCl,) 8= 147.6 ppm.

S. H

P~
0 0 Chemical Formula: CgH{,0,PS
% Molecular Weight: 166.18

5,5-dimethyl-1,3,2-Dioxaphosphorinane 2-sulfide (DDPS) (13):°"% was
synthesised used the procedure developed for the synthesis of DOPS. In a flame-dried
three neck round bottom flask fitted with a gas inlet, a thermometer and a gas outlet
leading to a NaOH aqueous solution, H,S gas was bubbled through a solution of DDP-
Cl (58.0 g, 348.0 mmol) in dry toluene (120 mL) at room temperature. The released acid
was then trapped with triethylamine (53.0 g, 382.0 mmol). The suspension was filtered
and concentrated zz vacuo to yield a colorless powder (53.0 g, 320 mmol, 84 %).mp 84-85
°C, lit. 83-84.5 C;"' '"H-NMR (CDCly) 8 = 7.77 (d, o= 600.9 Hz, 1H), 4.06-3.94 (m,
4H), 1.27 (s, 3H), 0.89 (s, 3H); *'P-NMR (CDCL,) § 67.3 ppm.
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o OH  Chemical Formula: C;1H1504PS

/
Molecular Weight: 274.27
HO
Sy
O _s sy
><: 5>~ o Chemical Formula: C1H2406P2S,
o Molecular Weight: 438.44
OH
HO

Reaction of DDPS with hydroquinone:* DDPS (6.2 g, 37.5 mmol) and dry
toluene (20 ml) were charged in a thoroughly dried three-neck round bottom flask fitted
with a condenser and a dropping funnel. While heating the solution at 80 C using an oil
bath, a solution of benzoquinone (4.5 g, 41.3 mmol) in dry toluene (100 ml) was added
dropwise under argon flow. Once the addition was completed, the temperature was
raised to 110 C. After 4 h at 110 C, the heat source was removed and the brown reaction
mixture was allowed to cool down to room temperature overnight. The insoluble black
precipitate was removed by filtration and the filtrate was concentrated 7z vacuo to yield a
brown solid containing multiple phosphorus compounds. Chloroform (100 ml) was
added to the brown solid and the insoluble black solid was isolated by filtration. 'H-
NMR indicated that the insoluble compound was mainly hydroquinone while *'P-NMR
showed the presence of traces of the target compound.'H-NMR (DMSO-d,) 8= 9.67 (s,
1H), 9.13 (s,1H), 7.11-6.72 (m, 3H), 4.2-4.01 (m, 2H), 3.89-3.79 (m, 2H), 1.04 (s, 3H),
0.99 (s, 3H); *P-NMR & = 82.8 ppm. Slow evaporation of the filtrate, yielded the
precipitation of an insoluble white powder that was identified as the double addition
product (2.25 g, 5.1 mmol, 27 %). m.p.>200 °C; 'H-NMR (DMSO-d,) & 9.86 (s, 2H),
7.04 (t, ] = 3.4 Hz, 2H), 3.80-3.37 (m, 8H), 1.12 (s, 6H), 0.64 (s, 6H); *'P-NMR (DMSO-
dg) 8 75.8 ppm;
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’\.IH Chemical Formula: C1,HgCINP

O P\CI Molecular Weight: 233.63

10-Chloro-9,10-dihydro-9-aza-10-phospha-phenanthrene (DAP-Cl) (17):”
PCl; (100 mL) was charged under Ar-flow in a moisture free 3 neck round bottom flask.
2-aminobiphenyl was added (25.0 g, 147.9 mmol) to the stirring solution of PCl; at room
temperature. During the addition, HCl gas evolved. Using an oil bath, the reaction
mixtute at 130°Cwas heated. Once the evolution of HCI ceased (18 h), the heat source
was removed and the reaction mixture was cooled to 40 °C. Once cooled, the excess
PClywas removed 77 vacuo to yield a thick dark brown solid. AlCl;was added (1.96 g, 14.8
mmol) to this datk solid and the mixture was heated to 165°C. When the solid melted,
HCI gas evolved from the reaction. Once the evolution of HCI ceased (6h) the heat
source was removed and the reaction mixture cooled down to room temperature to yield
DAP-CI as a brown solid (35 g, 147.0 mmol, 95 %).m.p.132-134 °C, lit. 132-134 °C”";'H-
NMR 6 8.21 (t, ] = 6.5 Hz, 1H), 7.85 (dd, | = 14.0 Hz, | = 7.5 Hz, 1H), 7.68 (t, ] = 7.7
Hz, 1H), 7.51 (t, ] = 7.3 Hz, 1H), 7.39 (t, ] = 7.5 Hz, 1H), 7.24 (t, ] = 7.5 Hz, 1H), 7.04
(d, ] = 7.8 Hz, 1H), 6.07 ppm (d, ] = 25.0 Hz, 1H); *’P-NMR (CDCl,) & 84.2 ppm.
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NH Chemical Formula: C12H1oNOP

O F\>\’H Molecular Weight: 215.19
(@]

9,10-dihydro-9-azaphosphaphenanthrene-10-oxide (DAPO) (16):” In a 250
mL round bottom flask fitted with a condenser, DAP-CI (35 g, 150.2 mmol)and CH,Cl,
(200 mL) were charged and heated up to 50°C using an oil bath. After 1h at 50 °C, the
hot purplish solution was poured over crushed ice (500 mL). HCl gas should evolve from
the reaction mixture and an off-white solid should precipitate. Keep stiring while
allowing the ice to melt. Once the ice is molten, filter the suspension to yield DAP-OH
as an off white powder (22.56 g, 105.0 mmol, 63 %). m.p. 196 °C *’'P-NMR (DMSO) & =
- 4.6 ppm The organic phase was reduced 7 vacuo to yield DAPO as a purple solid (9.03
g, 42.1 mmol, 28 %) m.p. 179 °C; *'P-NMR (DMSO-d,) 8= 14.5 ppm.

! NH OH
! Chemical Formula: C1gHgNO,P

F((\) Molecular Weight: 321.31

(10-Ox0-9,10-dihydro-9-aza-10A’-phospha-phenanthren-10-yl)-phenyl-
methanol (18): DAPO (2.15 g, 10.0 mmol) and toluene were charged in a round bottom
flask. The solution was heated to 110 °C using an oil bath and benzaldehyde (1.2 g, 12.0
mmol) was added dropwise using a syringe. The reaction mixture was maintained at 110
°C after the addition of benzaldehyde was completed. After 2h, the heat source was
removed and the reaction mixture was cooled to room temperature. The cold brown
suspension was filtered to yield a dark brown solid. The solid was then washed with cold
acetone (3 x 20 mL) to yield the clean target compound as a white solid (1.06 g, 3.3
mmol, 33 %. 'H-NMR (DMSO-d,) 8 =8.49 (d, ] = 2.35 Hz, 1H), 8. 39 (d, ] = 2.7 Hz
1H); 8.13 (d, /] = 6.4 Hz, 1H), 8.10 (d, /] = 5.1 Hz, 1H), 7.98 (d, ] = 8.4 Hz, 1H), 7.94 (d, |
= 8.3 Hz, 1H),7.89 (dd, ] = 7.7 Hz, J= 0.9 Hz , 1H), 7.84 (dd, ] = 7.6 Hz, ] = 0.6 Hz,
1H), 7.65 (q, ] = 7.5 Hz, 2H), 7.48 (dt, ] = 7.4 Hz, ] = 1.6 Hz, 2H), 7.36-7.30 (m, 2H),
7.20-7.16 (m,12 H), 7.04 (t, ] = 7.3 Hz, 2H), 7.97-6.87 (m, 2H), 6.09-5.90 (m,2 H), 5.03
(d, ] = 8.96 Hz, 1H), 4.93 ppm (d, ] = 11.1 Hz, 1H);'P-NMR (DMSO-d,) & = 21.5 (s,
1P), 21.0 ppm (s, 1P).
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P Chemical Formula: Cy;H,gNO,P
\é) Molecular Weight: 349.36

10-(Ethoxy-phenyl-methyl)-9H-9-aza-10-phospha-phenanthrene  10-oxide
(19): DAPO (1.19 g, 5.5mmol) and ethanol (80 mL) were charged into a round bottom
flask fitted with a condenser and the reaction mixture was heated to 60 °C using an oil
bath. Once DAPO was dissolved, benzaldehyde (0.71 g, 6.6 mmol) was added dropwise
using a syringe. After 2.5 h, >’P-NMR analysis of a aliquot from the reaction mixture
showed the presence of unreacted DAPO, hence the temperature of the oil bath was
raised to 80 C. After reacting for 18 h at 80 °C, the heat source was removed and the
reaction mixture allowed to cool to room temperature. The cold mixture was
concentrated 7z vacuo to yield a pale orange syrup that had an almond smell. In order the
unreacted benzaldehyde, the syrup was dissolved in hot toluene (40 ml) and the solution
allowed to cool to room temperature. The precipitated white solid was isolated by
filtration and identified as the reaction product of the Abramov product with ethanol (0.
28 g, 0.8 mmol, 17 %) MS (E)m/z = 349; *'P-NMR & = 40.0 ppm; "C-NMR (CDCL,)
145.9 (s, 10), 143.1 (d, 9.4 Hz, 1C), 138.1 (d, | = 4.8 Hz, 1C), 135.2 (s, 1C), 133.2 (s, 1C),
133.2 (s, 1C), 132.8 (d, ] = 8.5 Hz, 1C), 129.9 (s, 1C), 129.7 (s, 1C), 128.9 (s, 1C), 128.3 (s,
10), 127.7 (s, 1C), 127.4 (s, 1C), 127.4 (d, ] = 2.8 Hz, 1C), 126.8 (s, 1C), 126.6 (s, 1C),
126.4 (s, 1C), 123.5 (d, ] = 20.3 Hz, 1C), 70.2 (d, ] = 105. 1 Hz, 1C), 60.2 (d, ] = 7.2 Hz,
1C), 15.5 ppm (d, ] = 6.8 Hz, 1C); "H-NMR (CDCL) § = 7.97 (dd, ] = 11.9 Hz, ] = 7.7
Hz, 1H), 7.72 (t, ] = 7.4 Hz, 1H), 7.53-7.48 (m, 2H), 7.42-7.23 (m, 8H), 7.09 (d, ] = 7.4
Hz, 1H), 5.06 (d, | = 15.7 Hz, 1H), 3.88-3.74 (m, 1H), 3.59 (s, 1H), 3.49-3.34 (m, 1H),
0.84 ppm (t, ] = 7.0 Hz, 3H).

86



Oxidation of DAPO using H,0,:”” DAPO (4.30 g, 20.0 mmol) and ethanol (30
m) were charged in a three-neck round boom flask fitted with a condenser. The mixture
was heated to 70 °C using an oil bath. While heating, H,O, (30 ml, 30 % aq.) was added
dropwise using a dropping funnel over a period of 30 min. The white suspension
gradually became darker. After 1h at 70 °C, the suspension was fully black and the heat
source was remove to allow the reaction to cool to room temperature. The ethanol was
removed 7 vacuo to yield a black aqueous suspension. The aqueous mixture was extracted
with dichloromethane (3 x 50 mlL) and the combined organic fractions were dried over
N2,S0, and concentrated ## vacuo. 'H and *P-NMR indicated the formation of multiple

phosphorus compounds that could not be separated.

Oxidation of DAPO using KMnO,:”® DAPO (4.3 g, 20.0 mmol) and pyridine
(50 ml) were charged in a round bottom flask fitted with a condenser. While heating to
80 °C, a solution of KMnO, (6.3 g, 40.0 mmol) in water (80 mL) was added in portions
over 15 min. After 5h, the heat source was removed and the reaction cooled to room
temperature. 'H and *'P NMR of the brown solid obtained after removal of the solvent

in vacno did not indicate the presence of an organophosphorus compound.
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I}IH Chemical Formula: C;,HgCINOP

R:O Molecular Weight: 249.63
CI Cl

6-chloro-5,6-dihydro- dibenz[c,e][1,2]azaphosphotine, (DAPO-CI) (22):""
2-aminobiphenyl (8.46 g, 50.0 mmol) was added in portions over a period of 15 min to a
round bottom flask charged with POCI; (8.43 g, 55.5 mmol) and fitted with a condenser
and a bubbler. Once the addition was completed, the reaction mixture was heated up to
130 °C using an oil bath. After 9h at 130 °C, HCI gas stopped evolving, hence the heat
source was removed and the reaction mixture cooled to room temperature. The resulting
brown solid was dissolved in diethyl ether (100 ml) and a solution of triethylamine (5.6 g,
55.5 mmol) in diethylether (50 ml) was added drop-wise over a period of 90 min using a
dropping funnel. During the addition HCI gas evolved and a white precipitate formed.
After reacting for 3h at room temperature, the production of HCI had ceased. The
formed triethyl amonium chloride salt was removed by filtration and the concentration

of the filtrate yield the target molecule as a white powder (6.7 g, 4.6 mmol, 9.2 %). *'P-

NMR (CDCL) & = 9.77 ppm; MS(EI) m/z = 249.01

(DAPO-OH): under atmospheric pressure, an aqueous solution of NaOH (0.86
g, 22.0 mmol in 30 ml) and acetone (30 ml) were charged into a round bottom flask.
DAPO-CI (5.0 g, 20.0 mmol) was added in portions to the NaOH solution. After
reacting for 1h at room temperature, >'P-NMR analysis indicated the presence of two
phosphorus-containing molecules (8 = 0.58, -10.20 ppm). However neither the 'H-NMR
nor the mass spectroscopic analysis could confirm the formation of the target

compound.
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| Chemical Formula: C1,H1gNO,P

O R=0 Molecular Weight: 231.19
OH

9,10-dihydro-9-azaphosphaphenanthrenic acid DAPO-OH (21): Under
atmospheric pressure, NaOH (0.44 g, 11.0 mmol) was charged in round bottom flask,
dissolved in water (30 ml) and cooled using an ice bath. A suspension of DAPO (1.07 g,
5.0 mmol) in acetone (30 ml) was added drop-wise to the cold solution using a dropping
funnel. After 1h at 0 °C, the solid was fully dissolved to yield a brown solution. 'H and
'P- NMR analysis of reaction mixture after removal of the acetone iz vacuo indicated the
presence of a single organophosphorus compounds (© = 15.9 ppm) m/z =253. The
aqueous solution was used without further purification for the next step.HCI (0.36 % aq,
1.0 ml) was added dropwise to the aqueous solution. The white precipitate formed was
isolated by filtration to yield a white powder (0.8 g, 3.4 mmol, 70 % ) that was confirmed
as the target compound by mass spectroscopy m/z = 231.’P-NMR (CDCl,)3 6. 77 ppm;
HRMS (EI) calculated for [C,,H,,NO,P]" 231.0449 found 231.0472
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I}IH Chemical Formula: C1,H;gNOPS
Molecular Weight: 247.25

p\:S
C T o
9,10-dihydro-9-azaphosphaphenanthrene thionic acid DAPS-OH (23):
DAPO (21.5 g, 100.0 mmol), S¢ (3.8 g, 118.7 mmol) and toluene (100 ml) were charged
in a round bottom flask fitted with a condenser and heat to 110 C using an oil bath.
After 4 h at 110 °C, the heat source was removed and the reaction mixture allowed to
cool to room temperature. The cold reaction was concentrated 7 vacuo to yield a
yellowishsyrup. The syrup was washed with cold toluene (3 x 80 mL) to the target
molecule as pale-yellow solid (22.6 g, 91.5 mmol, 91 %). *’'P-NMR (CDCL,) 8 56.3 ppm;
PC-NMR (CDCly) 8 137.7 (s, 1C), 135.2 (5,1C), 131.8 (5,1C), 129.7 (5,1C), 129.4 (s, 1C),
1283 (d, | = 162.3, 1C), 127.3 (s, 1C), 125.2 (s, 1C), 123.9 (d, ] = 9.3 Hz, 1C), 121.8 (s,
1C), 118.8 ppm (d, ] = 7.2 Hz, 1C); 'H-NMR (CDCl,) 8 8.27 (dd, ] = 18.1 Hz, ] = 7.6
Hz, 1H), 8.03 (t, ] = 7.3 Hz, 2H), 7.68 (t, ] = 7.7 Hz, 1H), 7.51 (dt, ] = 7.4 Hz, | = 2.3
Hz, 1H), 7.33-7.23 (m, 2H), 7.19-7.12 (m, 2H), 6.93 (d, ] = 7.9 Hz, 1H), 5.4 ppm (s,
2H).HRMS(EI) calculated for [C,,H,,NOPS|+ 247.0176 found 247.0229.
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Chemical Formula: C5HgNPS

O R=S Molecular Weight: 231.25
H

9,10-dihydro-9-azaphosphaphenanthrene-10-sulfide =~ DAPS  (24) was
synthesised according to the procedure developed for the synthesis of DOPS:'” DAPO
(11.6 g, 50.0 mmol) was charged in a three neck round bottom flask and dissolved in
toluene (100 mL). H,S was bubbled through the reaction mixture for 2 h and the acid
formed was trapped by addition of triethylamine (5.6 g, 55.3 mmol). After 1h at room
temperature, the triethyl ammonium chloride salt was removed by filtration. The orange
filtrate was concentrated 7z vacuo to yield the target molecule as an orange solid (7.6 g,
32.9 mmol, 66 %).”P-NMR (CDCl;) § 23.5 ppm; 'H-NMR (CDCL;) & 8.60 (d, ] = 506.2
Hz, 1H), 8.05 (dd, ] = 16.6 Hz, ] = 6.5 Hz, 1H), 7.94 (t, ] = 5.2 Hz, 1H), 7.91 (d, ] = 7.6
Hz, 1H), 7.68 (t, ] = 7.7 Hz, 1H), 7.55 (dt, ] = 7.3 Hz, | = 1.7 Hz, 1H), 7.31 (t, ] = 7.3
Hz, 1H), 6.95 (d, ] = 7.5 Hz, 1H), 6.81 (dd, ] = 16.0 Hz, | = 8.0 Hz, 1H); HRMS (EI)
calculated for [C,H, NPS ]+ 231.0272 found 231.281.

7.3 Preformulation:

In order to study the influence of different phosphorus loadings on the flame
retardancy of epoxy phenol novolac cured with DICY and fenuron, the resin was first
grafted with a known loading of oganophosphorus compound. For a given amount of
formulation (m,), the amount of organophosphous flame retardant (my) required for the

preformulation step was calculated using this equation:

ms X %PFR

MgR = %P,

where %Py, is the phosphorus content is the flame retardant and %P, is the

phosphorus content in the formulation.

The amount of epoxy resin (m,,) was then extrapolated knowing that in a typical
formulation for epoxy resin the ratio of epoxy resin to dicyadiamide (DICY) to fenuron

is 100:6:2.

The epoxy resin (m,,) was degassed in the round bottom flask for 1 h under

vacuum while heating at 120 °C using an oil bath. Once degassed, the flame retardant
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(mpg, %Py and triethanol amine (0.6 g, 1.0 wt %) were charged and the temperature of
the oil bath was raised to 140 °C. After 2h at 140 °C, the heat source was removed and
the modified epoxy resin allowed to cool 80 °C. The liquid or highly viscous modified

resin was then formulated.

7.4 Formulation and Curing:

The formulation and curing of the modified resins was achieved modified
published procedure.[Schaefer 2007, Ciesielski 2008]The DICY-cured polymers where
obtained bymixing the resin with 6.0 phr DICY (Dyhard 100S) and 2.0 phrl,1-dimethyl-
3-phenyl-urea (Dyhard UR 300), as a curingaccelerator, in a Speedmixer DAC 150 SVZ
from Hauschild at3500 rotations per minute for 60 s. The formulation wastransferred to
an aluminum mold and transferred to an oven at 100 °C. The temperature of the oven
was raised at 8 °C/h until the resin was cured. Then, the resins were cured at 130 °C for
1 h and postcured at 200 °C for 2 h. The samples were allowed to cool down slowly to

room temperature.

7.5 Cone calorimetry

The cone calorimeter tests were conducted on 100 x 100 x 6 mm’ samples with
an irradiation flux of 35 kW/m? In tigure 9 the curves of Heat Release Rate of the

materials are reported.

7.6 Thermal desorption mass spectroscopy

The TD-MS measurements were carried out in a vacuum chamber coupled to a
heatable sample-carrier made of stainless steel, a high-vacuum system from Pfeiffer and a
HAL IV RGA 201 from HIDEN Analytics, UK. Powdered samples of the cured resin
(1-5 mg) were charged into the sample holder and the system was evacuated (10 ° hPa).
The cured resins were heated from room temperature to 500 °C at a rate of 10 °C/min

while the pyrolysis gases were detected with the mass spectrometer.
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