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For Lea

I want to say one word to you. Just one word.
Yes, sir.

Are you listening?

Yes, I am.

Plastics.

Exactly, how do you mean?
There's a great future in plastics. Think about it. Will you think about it?

- The Graduate
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1. Introduction

Polymers are pervasive in almost every facet of modern life; their versatility is derived from
their tunable physical and mechanical properties. Consequently, polymeric materials, i.e.
plastics, are ubiquitous and indispensable in nearly every aspect of life and every sector of
industry.* Accordingly, the annual worldwide production was 180 million tons in 2000,2 and
an estimated 8.5 billion tons of virgin plastics have been produced worldwide from the 1950s
to 2018.3 Most plastics are widespread as common commodities or as technical products due
to their low production cost and practical properties. High-performance polymers such as
epoxy resins, on the other hand, are an interesting alternative to traditional construction
materials such as metals and wood due to their unique and tunable properties like low weight

and high strength.4

Epoxy resins are among the most widely used polymers for high-performance applications
due to their high durability, low weight, chemical and thermal resistance, and exceptional
mechanical and electrical properties.> ¢ Their major fields of application include electrical
systems and electronics, adhesives, paints and coatings, and especially structural applications
as glass or carbon-fiber composite materials.” Epoxy resin composites are progressively
implemented in automobile, marine, and aerospace design,® in part to reduce weight and
improve fuel efficiency. Notably, the high strength-to-weight characteristic of epoxy resin
composites is used to produce longer and more efficient rotor blades for wind turbine
generators.? The continued expansion of these markets means increased demand for epoxy
resins, and consequently, the global market volume is estimated to grow to US$ 12.84 billion

by 2026.1°

Most hydrocarbon-based polymeric materials have a high fire load and therefore pose a
risk during accidental fires.! Especially high-performance materials like epoxy resins are
implemented in areas where the material properties are crucial to the design or operation of
the product.8 Both mechanical failure and flammability are equally critical aspects that must

be regarded during production and incorporation to ensure the safe usage of these polymers.



It is therefore imperative that the chosen flame retardants affect these material properties in
the least impactful way while retaining effective fire protection, and this is where

hyperbranched flame retardants can help bridge the gap.2

Hyperbranched polymers are a special group of macromolecules that have complex
geometries. Their branched structure leads to unique properties: they have a low viscosity, a
high functional group content, and are more easily soluble in other polymers.* Moreover, they
have a high immobility within a polymer matrix, and they may possess high glass-transition
temperatures which decreases their overall impact on the glass-transition temperature of the
polymer blend.'> Hyperbranched polymeric flame-retardant additives are multifunctional
compounds: their ability to easily blend with and maintain retention in the polymer matrix,
exhibit a reduced impact on material properties, and afford effective flame retardancy at low
loadings makes them attractive flame retardants for high-performance matrices like epoxy

resins.

The aim of this work is the research of hyperbranched polymers as flame retardants for
epoxy resins. Several investigations into the way these materials interact with the polymer
matrix are presented within the scope of this work, with the aim of gaining a mechanistic
understanding of the flame-retardant effect and the underlying structure-property
relationship. By utilizing a multi-methodic approach, the specific chemical mechanisms
underlying the flame-retardant modes of actions are investigated, the results correlated, and

the decomposition pathways identified.



2. Scientific Background

2.1.  Fire Behavior and Flame Retardancy

The prevalence of polymers in everyday life comes at cost: most polymeric materials are
easily flammable and burn with a high fire load owing to their hydrocarbon-based
composition.’3 In order to curtail the inherent fire risk of these “sliceable petroleum” products,
the use of and continued research into flame retardants is of paramount importance to ensure
the safe use of plastics.’4 The implementation of a functioning flame retardant can safeguard
from unwarranted ignition, prevent the spread of fire, diminish the production of smoke, and

increase escape time from dangerous fire scenarios.*

Flame retardant goals:

Reduce flame spread /
Avoid or delay flashover

Prevent Prevent fire spread /
A fgnition Reduce fire intensity
2
o |
°
Q
g— Flash over
@
Start of fire
Developing
Incipient stage  stag Fully developed stage| Declining stage
\/\K—/\/’/ i
RiSkS: Flammability Heat release Fire penetration

Ignitability Flame spread
Ignition sources

Figure 1. Development of fire temperature over time, material risks at respective fire stages, and fire protection
goals for various stages. (adapted from Schartel et al.’5 and Troitzsch'4)

Fires may be partitioned into certain stages: incipient, developing, fully developed, and
declining (Figure 1).5 At the start of a fire, the overall temperature remains low, and as the fire
continues, increasing amounts of combustible gases fill the area; this comes to a head when
their concentration is sufficiently high to cause their sudden ignition. This process is known as

the “flash over” and involves a drastic increase in temperature, thus marking the beginning of



the fully developed stage. Here, the overall temperature remains high as increasing amounts
of material provide fuel for the fire. As the rate of heat release is nearly constant, the fire is in
a steady state. Once the flame cannot be sufficiently sustained with fuel or oxygen, the declining

stage begins, the overall temperature drops, and combustion processes begin to decline.

The “fire behavior” of a polymer is not a static material property, but rather the reaction of
the material to a specific fire scenario.*® To understand and characterize the burning behavior
of flame-retarded materials, it is important to understand the material’s performance under
these specific fire scenarios. Accordingly, fire tests are designed to assess the material’s
response under precise circumstances: The reaction-to-small-flames test such as UL-94 or LOI
relate to ignition and are aimed at assessing polymer ignitability and flame spread, and a flame-
retardant goal is to prevent or delay ignition or prevent or minimize flame spread. For
materials used in electrical and electronic equipment, the glow wire test is used to understand
the material’s contact response to a glowing hot electrical wire, as may be the case after short-
circuits. The cone calorimeter may be used to characterize a material at various fire stages, as
the heat flux can be adjusted: between 35 KW m—= and 50 kW m=2, a developing fire is
simulated.’s Under such forced flaming test, the impact of flame retardants in delaying
ignition, reducing flame spread, and reducing the overall fire intensity may be identified and

quantified.

Apart from macroscopic fire phenomena, an array of equipment provides further insight
into the material behavior during thermal decomposition. For example, thermogravimetric
analysis helps to understand mass loss, and Fourier transform infrared spectroscopy (FTIR)
or pyrolysis coupled with gas chromatography and mass spectroscopy (Py-GC/MS) may be
implemented to characterize decomposition products. Moreover, pyrolysis combustion flow
calorimetry (PCFC) and bomb calorimetry measurements can provide insight into
thermodynamic processes. By investigating not only the fire behavior of the material on the
large scale, but also the thermal decomposition in the milli- and microgram scale, a great deal
of knowledge on the function of the flame retardant and how it interacts with the material may

be won. The fire phenomena of flame-retarded polymers result from the behavior of the
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components in the condensed and/or gas phase, which requires these aspects be looked at

separately.
C‘;'r‘;%fc‘lign exothermic
gas fname
phase gasTmixture
Flame zone solid ignites
Thermo-oxidative WENER —> 3| —> EllEE
decomposition Fesiduel thermal
T feedback
combustible
gases
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pyrolysis Pyrolytic decomposition noneombustble
one yrolyt p products \IA/, s
condensed perIySIS
HRREe pla[tic endothermic

Figure 2. Schematic combustion process, indicating condensed phase, pyrolysis zone, and gas phase (left), and
combustion processes (right). (adapted from Troitzsch'4)

Figure 2 outlines the combustion process of a polymer. Decomposition reactions in the
polymeric bulk feeds the flames by the production of combustible fuel. This occurs due to the
mass flux caused by the scission of polymer chains, e.g. via random chain-scission, chain-end
scission, or elimination of pendant groups.?” These scission processes produce low molar mass
volatiles which liquefy (and ultimately boil) or form new solid particles; hence, this phase is
commonly called the condensed phase. Characteristic of diffusion flames is the oxygen
gradient between the oxygen-rich periphery, where thermo-oxidative processes occur, and the
center, where the decomposition occurs under anaerobic conditions.'3 Hence, this region of
anaerobic decomposition is called the pyrolysis zone, and consequently pyrolytic
decomposition governs the condensed phase and thus the production of volatiles in the gas
phase, including non-combustible gases such as water, carbon dioxide, or ammonia. Volatiles
are oxidized in the gas phase by atmospheric oxygen in an exothermic redox reaction known
as combustion,’3 which provides sufficient energy to promote additional pyrolytic

decomposition in what is known as a “thermal feedback loop”.14 Several exothermic reactions



occur simultaneously, and the largest contributor to the production of heat is the strongly
exothermic reaction of OH- radicals reacting with carbon monoxide to form carbon dioxide
and H- radicals.’® Combustion products include carbon dioxide, carbon monoxide, water, and

smoke.3

For the steady state burning of a material, the heat release rate (HRR) is described as a
function of several specific variables. More importantly, for a material to pass a specific flame

retardancy test, the HRR must fall below a specific critical HRR criterion.? (Equation 1)

0
Equation 1: HRR = x-0(t) (1 —p) % 4"t
g
0

=X O(t) ' (1 - .u) ' h_c ' (q"ex + q"flame - q"rerad - q"loss) < HRRcrit
g

HRR: heat release rate; x: combustion efficiency; 0(t): time-dependent protective
layer effects; p: char yield; ho. : heat of complete combustion; hg: heat of
gasification; q”net: net heat flux; ¢”e: external heat flux per material unit area;
G name: convective heat flux from the flame; §”reraa: heat flux from re-radiation of
hot surfaces; §”10ss: heat flux loss to environment; HRRit: critical heat release rate
needed to pass a specific flame retardancy test.

Flame retardants may interact with the polymer matrix or its decomposition products in a
variety of ways,2° and the use of flame retardants affects the key parameters of Equation 1.
Some flame retardants are active in the gas phase: they act either by releasing non-combustible
gases (flame dilution), by releasing water (cooling), or by interacting with the radicals formed
during decomposition (radical scavenging, i.e. flame inhibition).2 22 By interrupting the
combustion process, diluting the flame zone, or endothermic decomposition, this mode of
action affects the combustion efficiency Y, the heat of complete combustion h°., and the heat
flux from the flame ¢”fame, respectively. Other flame-retardant modes of action occur in the
condensed phase: the formation of char, a protective char layer, or any other form of thermal
or gas barrier can shield the underlying material from further combustion and thus reduce
mass flux to the flame.2 22 This mode of action affects the time-dependent protective layer

function 06(t), the char yield p and thereby the mass fraction consumer by the fire (1-pn), the

6



heat of gasification h,, as well as the convective heat flux ¢”game and the heat flux from re-
radiation of hot surfaces ¢”rerad. Many flame retardants may utilize predominantly one mode of
action, yet most successful formulations incorporate a combination of both condensed and gas

phase modes of action to protect the polymer matrix during fires.2

There is no universal flame retardant for polymers, as the interaction between flame
retardant, matrix, and the decomposition products of both is the key to effective flame
retardancy.22 Moreover, the flame retardant must suit the specifications of the polymeric
material, including polymer type, manufacturing and production specifics, areas of
application, and price. Accordingly, a wide range of flame retardants are available,*¢ and their
implementation and continued research are central to ensure the continued safe use of

polymers in everyday life.

2.2. Flame retardants: State of the art, and market analysis

In 2015, an estimated 2.25—2.49 million tons of flame retardants (FRs) were consumed.23
The most common additives were inorganic salts like aluminum (tri)hydroxide (ATH) (approx.
38% of market share24) or magnesium (di)hydroxide (MDH), which act by decomposing
endothermically and releasing water, thereby removing energy from the fire. While efficient in
many types of polymers, one drawback of these additives is that they require high loadings,
thus impacting the mechanical and material properties of the polymer matrix. Among the most
effective and generally applicable commercial flame retardants are halogenated compounds
(approx. 23% market share in 201624). Commonly, chlorinated or brominated organic
chemicals are used as additives in combination with antimony oxide (approx. 8% market share
in 201624), which enhances the flame retardancy potential via synergism.2s Alternatively,
halogens are used as reactive compounds integrated into the polymer via copolymerization.
Their main mode of action is the release of hydrogen halides, which react with hydroxyl and
hydrogen radicals formed via bond scission of water molecules during combustion (i.e. flame
poisoning).26 Halogenated flame-retardant systems are functional already at low loadings and

their wide field of application have historically made them among the most implemented



formulations. However, the use of halogenated compounds has come under increased scrutiny
due to health concerns and their persistence, bioaccumulation, and toxicity in humans and
wildlife.27-28 Thus, even though several compounds have been forbidden from use in industry, 29
the utilization of halogenated flame retardants, although debatable, remains a current practice

in industry.

Among the most prominent alternatives to halogens is the use of phosphorus in flame-
retardant formulations. Organophosphorus compounds are promising alternatives to
halogenated flame retardants (approx. 18% market share in 201624): they are functional
already at low loadings and can maintain crucial material properties such as glass-transition
temperature. Moreover, the versatility of phosphorus chemistry allows for a wide array of

flame-retardant formulations for a broad field of polymer matrices (see Chapter 5.1).3°

2.3. Phosphorus-based flame retardants

A wide array of flame retardants based on phosphorus exists today, as either reactive or
additive compounds.3' Reactive components are implemented into the polymer backbone via
the reaction with functional groups such as alcohols, amines, epoxy groups, etc. and are used
primarily in epoxy resins, polyesters, and polyurethane foams.32 33 Examples include BAPPO
(bis(4-aminophenyl)phenylphosphine oxide) for polyurethanes,34 or DOPO (9,10-dihydro-9-
oxa-10-phosphaphenanthrene-10-oxide) -derivates for epoxy resins.3537 Reactive components
add “inherent” flame-retardancy to a polymer matrix and are advantageous when material
properties are crucial. Despite these advantages, the flame-retardant moiety must be tailored
to suit the reactive groups of the material. Thus, additive flame retardants are the most

prevalent on the market, as they can be used in a wider array of polymeric materials.

Additive compounds can be divided into inorganic and organophosphorus materials.
Inorganic phosphorus flame retardants include red phosphorus, aluminum diethyl
phosphinate (AIPi), or ammonium polyphosphate (APP), which have been proven effective in
a wide array of matrices, often in multicomponent systems to increase synergism.38-4t However,

organophosphorus compounds are advantageous to particular polymeric systems due to high
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effectivity already at very low loadings.3 Organophosphorus flame retardants vary in
molecular mass, phosphorus-content, molecular shape, and oxidation state; especially the

latter has been proven to greatly impact the mode of action.42

Generally, phosphorus-based flame retardants exhibit both condensed and gas phase
modes of action, (Figure 3) although some (such as DOPO) are mainly gas-phase active.3
Phosphorus-compounds function as char promoters by acting as a net-point to aromatic
moieties, leading to carbonaceous char and thereby retaining fuel in the condensed phase.
Often, the flame retardants themselves include aromatic groups to promote their incorporation
into the residue.43 44 Moreover, the production of phosphoric acid groups from phosphorus
flame retardants has a catalytic effect on polymer dehydration thus aiding aromatization. The
formation of polyphosphates and phosphorus-containing polyaromatic char can act as a
protective layer that protects the underlying material from the flame.4s In the gas phase,
phosphorus-based flame retardants often decompose to form radical species which act via

flame poisoning, thus reducing the heat of combustion.4®

Many additive phosphorus-based flame-retardant formulations exits today due to the
chemical versatility of phosphorus.47- 48 Often, synergistic moieties such as nitrogen, sulfur,
boron, or silicone compounds are introduced to improve the efficacy or reduce the necessary
loading of a material.49-52 These modifications aim to utilize matrix-specific functional groups.
Alternatively, metal ions such as zinc or aluminum (e.g. zinc-borates, aluminum diethyl
phosphinate) help catalyze decomposition reactions and promote charring or intumescence,
and melamine-based variants, e.g. melamine polyphosphate, or melamine cyanurate-coated
red phosphorus, use melamine’s gas-phase mode of action in combination with phosphorus to

achieve good flame retardancy. 32



_ Radical scavenging
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Figure 3. Modes of action of phosphorus-based flame retardants, including char promotion in the condensed
phase and flame inhibition in the gas phase.+

For both halogenated and non-halogenated flame retardants, there exists an increasing
trend toward polymeric formulations. Low molar mass flame retardants are more prone to
leach from the matrix or bloom out with time than their polymeric variants, which is a major
issue for the REACH (Restriction, Evaluation, Authorization and Restriction of Chemicals)
compliance set up by the European Chemical Agency.53 54 Polymeric flame retardants are more
likely to entangle with the polymer matrix, thus increasing their retention. Furthermore, they
decompose at higher temperatures than low molar mass flame retardants, potentially leading
to a greater overlap of decomposition temperature ranges of matrix and flame retardants,
which improves chemical interaction and leads to greater flame retardancy.5s 56 Another
approach to improve flame retardancy is by utilizing complex architectures:s” 58 they are
amorphous due to their geometry, and thus miscibility with the matrix is improved, and
leaching or blooming is decreased due to high immobilization in the matrix. One group of

polymers merges the approaches of high molar mass and complex shape: hyperbranched

polymers.

2.4. Hyperbranched Polymers: Multifunctional Macromolecules

Branching geometries are inherent to a broad range of organic and inorganic objects of all

scales', and amylopectin and glycogen are examples for naturally occurring highly branched

10



polymers. For synthetic polymers, this dendritic pattern may be achieved via polymerization
with branching at repeating units, as was first observed by Staudinger and Schulz in 1935 and

described with theoretical models by Flory in 1943.59

Hyperbranched polymers are a type of specialized macromolecules that are highly
branched and related to dendrimers, thus sharing some of their unique properties.®® One must
clearly differentiate between a “perfect” dendrimer, where every repeating unit is branched, to
hyperbranched polymers, where the degree of branching is lower than 1.6* Unlike dendrimers
which are monodisperse, spherical, and have a regular three-dimensional topology,
hyperbranched polymers have a higher polydispersity, are amorphous, and have an irregular
three dimensional topology.®2 They do not require extensive multi-step syntheses and
extensive purification steps, which separates them from dendrimers, as these require several
protection, purification, and deprotection steps. Instead, hyperbranched polymers may be
easily produced in a one-step polymerization,®3 making them attractive for large-scale

synthesis, and commercial monomers are readily available.

Their unique characteristics have made these polymers popular in diverse fields, including
nanotechnology and the biomedical fields,®4 65 and growing interest in the field is reflected in
the amount of publications over time, which has risen monotonously since 1990.!* Recently,
hyperbranched polymers have been proposed as flame-retardants.®: 67 More specifically,
hyperbranched polyphosphoesters have proven effective in improving the flame retardancy
behavior of epoxy resins.®® This approach combines the use of non-halogenated flame

retardants with polymeric formulas as additives to polymer matrices.

Hyperbranched polymers may be prepared in multiple ways, such as the “classic” approach
via polycondensation of ABx monomers proposed by Flory,% the A.+By approach of which there
are several synthesis paths with various combinations,7: 7t but also via ring-opening

multibranching, self-condensing ring-opening, and self-condensing vinyl polymerizations.7274
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Scheme 1. Synthesis route of A-+Bj; polymers used in this work, including radical initiated thiol-ene polyaddition,
and schematic hyperbranched polymer structure, highlighting dendritic (D), linear (L), and terminal (T) units of
the macromolecule. (adapted from own work’s)

The majority of materials used herein are prepared via polyaddition of A,+B; monomers
(Scheme 1), although an AB,-type polymer is investigated within this work. For the A,+B;
polymers, ethanedithiol acts as an A,-unit and a trifunctional phosphoester with three vinyl
groups functions as the Bs-monomer. The thiol-ene polyaddition is efficient and has a fast
reaction rate: The radical generator decomposes and initiates the thiol group by abstracting a
hydrogen, creating a thiyl-radical which further propagates with the vinyl group in an anti-
Markovnikov addition.”¢ Finally, in a chain-transfer step, the hydrogen from a new thiol-group
is abstracted, forming a thioether bond and a new thiyl-radical which subsequently propagates
further polyaddition reactions. The resulting macromolecule contains three types of units:
dendritic, linear, and terminal, which differ in the amount of thioether groups, i.e. connections

to other monomers. Each branching point is a phosphorus-moiety and all bonds are fully
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rotational; thus, the resulting polymer is an amorphous, viscous amber liquid at room

temperature.

Phosphorus-based hyperbranched polymers are promising flame retardants because of
their multifunctional qualities: their high molar mass and complex geometry increase
miscibility with polymer matrices, which increases their efficacy as additive flame retardants
due to a more homogenous distribution and lack of agglomeration. Moreover, the high
rotational freedom of the hyperbranched structure and the high glass-transition temperature
of these polymers reduce the plasticizing-effect most phosphorus-based additives present.””
Thus, hyperbranched polymers exhibit a less-pronounced impact on the glass-transition
temperature of the flame retarded polymer matrix. Furthermore, the high phosphorus-
content, and additionally the presence of thioethers as a supplementary functional group,
present various modes of action in the gas and condensed phase. Further still, the complex
shape and high molar mass decrease health hazards, i.e. persistence, bioaccumulation, and
toxicity (PBT), as phosphoesters are hydrolysable, thus reducing their persistence and possibly
increasing their biocompatibility.”? As the REACH regulation monitors the circulation of
potentially hazardous chemicals,53 hyperbranched polymers are interesting compounds for
industrial application, and especially interesting for high-performance polymers such as epoxy

resins.

As the field of polymeric flame retardants with complex architectures continues to grow
and new optimized formulations are investigated, it is crucial to understand the fundamental
chemistry at work. By understanding the chemical mechanisms governing the decomposition
of these macromolecules, the exhibiting modes of action become clear, and may even be

predicted theoretically, thus improving future formulations.
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3. Scientific Goals and Approach

As described in our review on the subject, there exist several synthesis routes and
approaches of implementing phosphorus-based compounds to address the task of flame-
retarding polymers. Phosphorus-based chemistry is versatile, and several successful
approaches to flame-retardancy implement synergistic-moieties such as nitrogen or sulfur.
The specific chemical composition of the phosphorus-containing compounds strongly impacts
the flame retardancy performance, and the structure-property relationship between matrix
and flame retardant are key. Moreover, compounds with higher molar mass or complex

geometries have shown significant results compared to low molar mass analogues (see Chapter

5.1.).

However, it remains unclear what roles specific changes in the chemical composition of
hyperbranched polymers play, and how branched architectures or polymerization affect flame
retardancy. Moreover, a comprehensive investigation of polymerization type, or aromaticity of

either the hyperbranched polymer or its polymer matrix is lacking.

To gain further insight on what role the chemical surrounding of the phosphorus-species
plays in flame retardancy, a library of phosphorus-based materials was needed. By
systematically controlling the amount of P-O or P-N bonds in the binding pattern of
phosphorus during synthesis, variations in the flame-retardant behavior of the resulting
materials are identifiable and can thus be attributed to the changes in binding-sphere.
Moreover, if the low molar mass B; units are compared to their respective A,+B;-type
hyperbranched polymer, insight into the function of the complex geometry is attainable.
Precisely these approaches were examined in two publications: the first describes the synthesis
and investigation of the flame retardancy potential of phosphoramides, phosphorodiamidates,
phosphoramidates, and phosphates (see Chapter 5.2.), while the second outlines the polymer
synthesis and examines the difference between A.+Bs;-type hyperbranched polymers and their

respective B; monomers (see Chapter 5.3.).
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The production of carbonaceous char relies on the formation of char-precursors, and while
the aliphatic species of monomers and polymers were effective in retaining fuel in the
condensed phase via charring, the question remained whether flame-retardancy performance
could be enhanced by implementing an aromatic moiety into the carbon chain. This idea was
expanded upon in the third publication, where two sets of monomers and polymers, one
aliphatic and one aromatic, are produced via acyclic triene metathesis (ATMET) and their

flame-retardancy potential assessed (see Chapter 5.4.).

In all cases, an epoxy resin based on diglycidyl ether of bisphenol A (DGEBA) was used as
the polymer matrix. However, the structure-property relationship of matrix and flame
retardant are the key to effective flame retardancy. While the hyperbranched polymeric flame
retardants proved effective for aromatic resins, it was unclear how the compounds would
perform in aliphatic resins. This question was addressed in the fourth publication, where the
flame-retardant potential of A,+B; polymers and their respective B; monomers are compared

in an aliphatic and an aromatic resin (see Chapter 5.5).

These investigations provided great insight into the multifunctional capabilities of these
novel A.+B; compounds, yet the drawn conclusions were often restricted to comparisons
between the polymers and their B; monomers; thus, the function of the A.-moiety remained
uninvestigated. The fifth publication compares sulfur-containing B; monomers and the A,+B;
hyperbranched polymer to ascertain the part sulfur plays in the flame-retardant efficacy of

these materials (see Chapter 5.6.).

Although the thio-ether bonds in hyperbranched polymers contribute to the flame
retardancy potential by generating sulfur-radicals which added condensed and gas phase
modes of action, the phosphorus content of the polymer may be improved if the polymerization
approach were changed from the A,+B; route. The sixth publication compares two types of
polymerization types of hyperbranched polymers: By changing the monomer structure and

adjusting the reaction conditions, an AB.-type monomer and hyperbranched polymer
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containing slightly higher phosphorus per repeating unit improved the fire performance

compared to an A,+B;-type polymer and its monomer (see Chapter 5.7.).

An in-depth analysis of phosphorus-based hyperbranched polymeric flame retardants is
presented in this work, and the results underline their multifunctional qualities in epoxy
resins. This research outlines the function of several components of hyperbranched polymers,
which may prove useful in future formulations to further improve the flame-retardant

qualities.

4. Materials and Methods

4.1.  Polymer matrix: Epoxy resins

The main polymer resin matrix implemented within the scope of this work is a type of epoxy
resins commonly used in industry: diglycidyl ether of bisphenol A (DGEBA) is produced via
the reaction of bisphenol A and epichlorohydrin. The thermosetting epoxy resins are formed
by the polyaddition of polyfunctionalized oxirane-containing molecules with nucleophiles to
form a three-dimensional network in a process known as curing. While epoxy resins may be
cured using anhydrides, phenols, or thiols, one of the most widely commercially used class of
hardeners, and the one utilized within the scope of this work, are polyfunctionalized amines.
Within this work, 2,2’-dimethyl-4’4-methylene-bis(cyclohexylamine) (DMC) is used as the

hardening agent.

The driving force of the reaction is the nucleophilic ring-opening reaction of the epoxide
group (Scheme 2). This reaction may occur in three variants and under both basic and acidic
conditions, yet the former is the case for amines: primary amines may initiate the ring-opening
reaction via Sy2 nucleophilic attack, forming a hydroxyl group and a secondary amine bond
along the backbone, i.e. B-amino alcohol groups. These secondary amines function as
nucleophiles themselves and propagate further ring-opening reactions with other epoxide

groups, forming tertiary amines and a hydroxyl group. The hydroxyl groups are also
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nucleophilic and may react with epoxide groups to form ether bonds along the backbone
(etherification). However, this reaction only becomes significant after an increase of hydroxyl

groups from the first two reactions.”?
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Scheme 2. Reaction scheme of an epoxy resin based on diglycidyl ether of bisphenol A (DGEBA) and 2,2’-dimethyl-
4’4-methylene-bis-(cyclohexylamine) (DMC), highlighting the main reactions between hydroxyls, primary, and
secondary amines with epoxy groups, respectively. (adapted from own work8°)

The production of the epoxy resin samples involved the calculation of the correct molar
ratio and then the combination of the epoxy and amine components under agitation. For the
flame-retarded blends, the epoxy component was first mixed with the additive until
homogenous, and then the hardener was added. The compounds were degassed in vacuo and
then poured into prepared molds of desired dimensions. The final hardening process was
performed at elevated temperatures, close to the glass-transition temperature of the final resin

at approx. 150 °C.
4.2. Methodology

Using a multi-methodical approach allows insight into a wide range of material properties;

thus, the findings of one method are validated with those of another. Generally, the methods
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can be divided into investigations of the fire behavior (forced flaming conditions and reaction-
to-small-flames) and pyrolytic decomposition (gas and condensed phase analysis) of the flame-
retarded material. Moreover, the pyrolytic decomposition of the flame retardants themselves
is closely analyzed to understand their decomposition mechanism and thus infer their effect
on the polymer matrix during fire. Additionally, changes to the glass-transition temperature
(Ty) of the polymer matrix by the addition of the flame retardants via differential scanning
calorimetry (DSC), as well as microscopy of residues after fire testing via scanning electron
microscopy (SEM), offer a broader image of the impact the flame retardants have on the fire

behavior of epoxy resins.

4.2.1. Fire testing: Cone calorimeter

Light extinction (laser)
+ smoke temperature measurement

Differential pressure transducer
+ stack temperature measurement

Exhaust
ventilation

Fume hood

Gas sampling i "\ Cone heater
+ analysis y :

.'"—— ~—— Spark igniter

+ sample holder

Load cell (balance)

Figure 4. a) Schematic cone calorimeter set-up.%

The main method of examining the fire behavior is via the cone calorimeter (Figure 4). A
sample placed on a sample holder is positioned on a load cell and subjected to a specific
radiation (e.g. 50 kW m=2) from the cone heater. A spark igniter ignites volatile gases, and
exhaust fumes pass through the fume hood towards the exhaust ventilation, before which the

exhaust gases are sampled and analyzed for CO,, CO, and O, content. The light extinction is

18



measured by a laser via Lambert-Beer Law, providing smoke production rates. Finally, the
difference in pressure and stack temperature are measured in the chimney. The cone
calorimeter provides valuable data and parameters essential in understanding the fire
phenomena of a given sample, including time of ignition, mass loss over time, CO, and CO
production over time, O, consumption (and consequently heat release rate over time and total
heat evolveds2 83), smoke production rates, and being able to visually assess specific fire
behaviors. Moreover, the data from the cone calorimeter provides valuable information on the
burning behavior of a material: when observing the heat release rate over time, the shape of
the resulting curve reveals whether the material is thermally thin or thick, or whether there is
a protective layer effect of the resulting char layer.’s By comparing the results of non-flame-
retarded to flame-retarded materials, a mode of action may be more easily derived, including
charring, protective layer effects, or even flame poisoning effects via the ratio of total heat

evolved per mass loss, otherwise known as the effective heat of combustion (EHC).

4.2.2. Fire testing: Reaction-to-small-flames

Figure 5. a) Setup and measurement of a specimen with limiting oxygen index (LOI) testing; b) Vertical setup and
measurement of a sample in Underwriter's Laboratory 94 test (UL-94).

Among fire tests, a material’s ignitability is an important characteristic to asses flame
spread. Two reaction-to-small-flames tests, namely limiting oxygen index (LOI) and

Underwriter’s Laboratory 94 test (UL-94), are utilized within this dissertation. For LOI (Figure
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5 a) according to ISO 4589, a sample specimen is supported vertically by a clamp on the bottom
in a precise nitrogen/ oxygen mixture flowing upward through a glass chimney. The top of the
specimen is ignited, and the burning behavior of the material is observed. Burning times,
length of specimen burnt, and oxygen concentration are noted, and the test is repeated at ever
decreasing oxygen concentrations until the minimum is estimated. In UL-94 tests according
to IEC 60695, a rectangular bar-shaped sample is clamped in either vertical or horizontal
position, the former being the more demanding test, and ignited on the free end via a calibrated
50 W burner flame. The material’s upward or horizontal flame-spread is assessed, and in
vertical setup, a piece of cotton is placed below the sample before measurement to test burning

dripping behavior.

4.2.3. Thermogravimetric analysis—FTIR (TG-FTIR), Hot-stage FTIR

While fire tests help to understand the burning behavior of a material, much of the
chemistry relevant to flame retardancy occurs in the pyrolysis zone. By measuring the mass of
a sample under a constant heating rate via thermogravimetric analysis (TGA), information on
decomposition temperature-range, decomposition rate, and temperature at maximum rate
(Tmav) is gained. Understanding the specific changes to the chemical structure of both matrix
and flame retardant during decomposition is a crucial step to understanding the chemical
mechanisms that govern the flame-retardant modes of action. To that end, FTIR is a useful
tool, as specific functional groups and changes in their chemical surrounding can be identified.
FTIR works by subjecting a sample to a beam of infrared light, whose wavelength may be
altered using a Michaelson interferometer, and measuring how much of the energy is absorbed
for each wavelength. Thus, the vibrational-rotational energy working upon a molecule may be
measured, and certain functional groups exhibit absorption at unique energies, i.e.

wavenumbers.

Two types of FTIR are used herein: one measuring evolved gas (TG-FTIR) and one the
condensed phase (Hot-stage) (Figure 7). This way, the decomposition of the material is closely

monitored: a few milligrams of the powdered material is heated at a constant rate (10 K min=)
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until it decomposes, and its mass loss is measured by a microbalance (TGA). The ensuing
volatile gases pass through a heated transfer-line into the gas cell, where they are measured via
FTIR over the duration of the heating period. The condensed phase FTIR is measured by
preparing a powdered sample in a potassium bromide platelet, which is placed inside a hot-
stage platform under nitrogen atmosphere. The sample is heated at a constant rate (10 Kmin-)
and measured via FTIR over the entire heating period. Thus, both the gas and condensed phase
of any given sample is analyzed, and by investigating the sample during pyrolysis, information
on the fate of a particular functional group can be tracked, providing an insight into the

chemical mechanisms at work during pyrolytic decomposition.

4.2.4. Pyrolysis — Gas chromatography / Mass spectrometry (Py-GC/MS)

Auto-Shot Sampler

Multi-Shot Pyrolyzer Carrier Gas Selector

He
Air
Selective Sampler

Microlet Cryo-Trap

F-Search System

Py-GC/MS System (Multi-Shot Pyrolyzer and peripherals)

Figure 6. Schematic setup of a pyrolysis coupled with gas chromatography / mass spectrometry (Py-GC/MS)
(from Shimadzu®4).

While FTIR is useful to identify specific groups, the information it gathers is unspecific, as
the absorption range of functional groups often overlap, and more complex molecules contain
many overlapping signals. A useful method to identify the chemical structure of a material
during decomposition is by pyrolysis coupled with gas chromatography and mass spectrometry

(Py-GC/MS) (Figure 6).
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In the setup used within this dissertation, i.e. single shot analysis, a microgram sample is
pyrolyzed at a specific temperature via gravimetric drop into a heated cell. The evolved gases
pass through a gas chromatograph, where they are separated through a capillary column
running a heating program. The gases pass through a high-energy (70 eV) beam and are

ionized before being measured by the mass selective detector.

The output of the combined system provides a mass spectrum of all gas samples passing
through the gas chromatograph, which delivers valuable information of the decomposition
products of a given material. By combining the findings from FTIR with those from Py-GC/MS,
a clearer image of the decomposition mechanism is attainable. An example is presented in
Chapter 5.2., where the presence of hex-5-en-1-ol as a decomposition product of a
phosphoester-based flame retardant was first stipulated through FTIR analysis, and finally
verified by Py-GC/MS measurements. Thus, Py-GC/MS has the strong potential to supplement

other pyrolysis investigations.

4.2.5. Pyrolysis combustion flow calorimeter (PCFC)

scrubbers

Flow- 0,
it
mstar H Analyzer Exhaust

Combustor

Sample

Figure 7. Schematic setup of pyrolysis combustion flow calorimeter (PCFC).

The pyrolysis combustion flow calorimeter is used to determine the heat of combustion of

volatile products during the pyrolytic decomposition of a given material. The setup is designed
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to mimic the processes in the flame zone, as the specimen is first pyrolyzed under nitrogen
atmosphere and the volatile products are combusted in an oxygen rich environment at high
temperatures. However, it must be noted that there is no diffusion flame, and the products are
fully oxidized in the combustor; thus, the machine is blind to some flame-retardant modes of
action, such as flame poisoning via radical scavenging, which is crucial to many phosphorus-

based flame retardants.

PCFC provides insight into the heat of complete combustion of the volatiles by measuring
the oxygen consumption in the combustor as the material pyrolyzes at a constant heating rate
of 1 K s. The gathered data, which includes the peak of heat release rate (PHRR), the total heat
evolved (THE), and the residue yield, validates these value points from cone calorimeter and
TGA measurements. However, PCFC is suitable for illuminating flame dilution effects, as the
release of incombustible gases yields no oxygen consumption. Therefore, the comparison of a
flame-retarded and a non-flame-retarded polymer material via PCFC has the potential to

reveal flame dilution as a mode of action.
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Abstract

The ubiquity of polymeric materials in daily life comes with an increased fire risk, and
sustained research into efficient flame retardants is key to ensuring the safety of the populace
and material goods from accidental fires. Phosphorus, a versatile and effective element for use
in flame retardants, has the potential to supersede the halogenated variants that are still widely
used today: current formulations employ a variety of modes of action and methods of
implementation, as additives or as reactants, to solve the task of developing flame-retarding
polymeric materials. Phosphorus-based flame retardants can act in both the gas and
condensed phase during a fire. This Review investigates how current phosphorus chemistry
helps in reducing the flammability of polymers, and addresses the future of sustainable,

efficient, and safe phosphorus-based flame-retardants from renewable sources.
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The ubiquity of polymeric materials in daily life comes with an
increased fire risk, and sustained research into efficient flame retard-
ants is key to ensuring the safety of the populace and material goods
from accidental fires. Phosphorus, a versatile and effective element for
use in flame retardants, has the potential to supersede the halogenated
variants that are still widely used today: current formulations employ
a variety of modes of action and methods of implementation, as
additives or as reactants, to solve the task of developing flame-
retarding polymeric materials. Phosphorus-based flame retardants can
act in both the gas and condensed phase during a fire. This Review
investigates how current phosphorus chemistry helps in reducing the
flammability of polymers, and addresses the future of sustainable,
efficient, and safe phosphorus-based flame-retardants from renewable

sources.

1. The Challenge of Flame Retardancy—Demands
of a Good Flame Retardant

Polymeric materials are ubiquitous in nearly all aspects of
modern life: from consumer electronics, packaged goods, and
construction to transportation, aerospace, industrial machi-
nery, and manufacturing processes. This development comes
with an inherent risk of fire: hydrocarbon-based polymeric
materials display a large fire load and high flammability.
Sustained research on effective flame retardants (FRs) to
reduce the risks is pivotal in safeguarding against accidental
fires, costly damage to material goods, and in ensuring the
health and safety of the populace.

Halogenated flame retardants, which were widely applied
in the past, have come under increased scrutiny and prompted
increased research into halogen-free and phosphorus-based
flame retardants (P-FRs) in particular. This development is
further attributed to legislation and decisive shifts in market
demands, as increased attention has paid to producing more
sustainable FRs. P-FRs have now become a prominent
alternative to their halogenated counterparts.”) Phosphorus
plays the key role in halogen-free flame retardancy as a result
of its chemical versatility, multiple FR mechanisms, and high
effectivity already at low loadings. As the demand for safe
advanced materials grows, the question for material scientists
is: what role can current chemistry play in solving the flame
retardancy problem? To more closely understand the task at
hand, it is necessary to first outline what constitutes a “good”
FR:

1) Material properties must be conserved to the greatest
possible extent, with price as the most determining factor.

2) The FR properties must match the polymer processing
and pyrolysis characteristics.

3) Health regulations and market direction necessitates that
formulations must become increasingly environmentally
friendly, recyclable, and sustainable.

In the following sections, these aspects are explored in
detail. Then, state-of-the-art P-FRs and their modes of action

are discussed and show how these features are embraced.
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Finally, we highlight modern trends of P-FRs and their
potential future application. To that end, representative
examples for each section were chosen, but this Review is
not meant to be a comprehensive summary. For further
reading, we recommend the reviews of Weil and Levchik,”!
Malucelli et al., and Bourbigot and Duquesne.”’

1.1. Retaining Material Properties: A Question of Price
The chemical composition of the polymer determines the

material properties, production routes, application areas, and
bulk price (Figure 1). Thermoplastic polyolefins (e.g. poly-
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ethylene, polypropylene, polyvinyl chloride) are common
commodities and mass produced at low costs; Al(OH);, the
most common FR, is both effective and inexpensive to
produce, but requires high loadings, which affects the material
properties (e.g. coloration, opacity, tensile strength).l) Com-
mercially available P-FRs (e.g. ammonium polyphosphate,
APP) require significantly lower loadings for similar effec-
tivity, and thereby retain the respective material properties.”’
Moreover, adjuvants and synergists (e.g. metal oxides, char-
ring agents, nanofillers, additional P-FRs) increase the
efficacy and further lower the loadings required.”!
Engineering polymers (e.g. polyamides, polycarbonates,
polyurethanes, polyethylene terephthalates) are applied in
more advanced areas (e.g. electronics/electrical engineering,
transport, manufacturing). These materials can be synthe-
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sized as thermoplasts, elastomers, or thermosets in foams,
fibers, or foils, and so a wider array of FRs exist. The use of
these FRs depend on the polymer’s price, quality grade, and
precise application.”) Notable formulations contain alumi-
num diethyl phosphinate, melamine polyphosphate, and Zn
borate, or melamine cyanurate-microencapsulated red phos-
phorus.['”]

High-performance polymers (e.g. epoxy/polyester resins,
polyetherimides, polysulfones, poly(aryl ether ketones)) are
used in specialized fields (e.g. adhesives, coatings, composites)
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due to their chemical resistance, temperature stability, and
high durability.'""! Here, performance outweighs the produc-
tion costs of the materials and the FRs. Correspondingly, FRs
in this material category are the second most important in
value terms behind polyolefins: therefore, complex-shaped,
multicomponent, and multifunctional FRs are used.!'”! Nota-
ble formulations include 9,10-dihydro-9-oxa-10-phosphaphe-
nanthrene-10-oxide (DOPO) derivates and variations of
P species with synergistic moieties: nitrogen, silicon, sulfur,
and boron.!"!

1.2. Production Specifics: Finding a Match

The FR’s mode of action is key when tailoring suitable
formulations for polymer materials. Effective flame retard-
ancy depends strongly on the interaction between the FR and
the polymer matrix as well as the structure—property relation-
ship between the two during thermal decomposition. The
modes of action can generally be classified into condensed-
and gas-phase mechanisms (Figure 2), and many successful P-
FRs utilize both."™ In the condensed phase, many P-FRs
mediate the formation of char by inducing cyclization, cross-
linking, and aromatization/graphitization by dehydration of
the polymeric structure. The formation of carbonaceous char
reduces the release of volatiles, that is, fuel."® Some P-FRs
additionally act through intumescence: a multicellular residue
acts as a protective layer, slowing down heat transfer to the
underlying material.l'” Many FRs alter the melt flow and
dripping behavior by promoting either charring combined
with a flow limit (non-dripping UL-94 classification) or flame
inhibition combined with increased flow, for example, via
radical generators (non-flaming dripping UL-94 classifica-
tion).¥! Some inorganic FRs (e.g. AI(OH),, Mg(OH),, Zn
borates, boehmite) decompose endothermically and vaporize
water, absorbing heat in the condensed phase, and cooling the
gas phase.'”! Gas-phase modes of action, usually acting in
parallel with condensed-phase mechanisms, crucially increase
FR effects: releasing non-combustible gases during decom-
position reduces the combustion efficiency (fuel dilution)."!

6\,Ag'\()f'l
2
Q

Smoke
€0, CO,,
H,0

Condensed
phase

|

Polymer

Reviews

Radical scavenging

PO + OH ——= HPO,

HPO + H —— H; + PO
OH + H, + PO ——= H,0 + HPO
HPO;+ H —= H,0 + PO
HPO; + H —= H; + PO;
HPO;+ OH —= H,0 + PO;
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During the combustion of hydrocarbon fuels, H" and OH"
radicals are formed, which propagate the fuel combustion
cycle most notably through the strongly exothermic reaction
OH' + CO—H' + CO,.”" Many P-FRs decompose to form P*
radicals which react with OH" radicals and lower their
concentration (flame poisoning).??

These mechanisms crucially depend on the decomposition
temperatures of both the matrix and the FR. Therefore, FRs
must be chosen to match explicit polymer processing and
pyrolysis specifics. To ensure chemical interaction during
pyrolysis but not during processing, premature FR decom-
position must be avoided, whereas the overlap of the polymer
and FR decomposition temperatures should be maximized.”"
This is key for high-temperature thermoplastic processes (e.g.
compounding, extrusion, injection/blow molding), as well as
vulcanization for rubbers, or curing for thermosets.** For
foams, FRs with good foamability are important to maintain
mechanical properties, while fiber and textile FRs must
undergo spinning, weaving, and washing without loss of
material or FR properties.*!

Today, no single FR can be used for the wide range of
polymers available; a FR may work well for one matrix but
not for another, as the structure—property relationship is
specific to the polymer matrix.” This makes the search for
novel FRs with improved mechanisms essential for all fields
of polymer applications.

1.3. Sustainability: A Regulatory and Market Goal

Health, environmental, and sustainability considerations
play increasingly important roles in the development of novel
FRs. Increased awareness has been paid to the “PBT” (i.e.
persistency, bioaccumulation, toxicity) of FRs.””! Studies on
human exposure pathways and ecosystems have highlighted
risks of some FRs, thus emphasizing the need for increased
control and regulation.!

To curtail “PBT material” risks, regulatory bodies have
enacted legislature to protect the environment and the
general population: within the EU, REACH (Registration,
Evaluation, Authorization, and Restric-
tion of Chemicals), which acts upon the
RoHS (Restriction of Hazardous Substan-
ces) and WEEE (Waste Electrical and
Electronic Equipment) Directives, evalu-
ates materials hazards and sets health and
safety criteria for chemicals, including
FRs.™! Notably, the use of penta-, octa-,
and decabromodiphenyl ethers was
restricted under the Stockholm Conven-
tion on Persistent Organic Pollutants
because of health risks, thus highlighting
the need for halogen-free alternatives.””

The voluntary ecolabels introduced by
ISO help prevent the circulation of PBT
material and raise awareness of sustain-
able, environmentally aware produc-

o Ll ——= e

Char-
promotion

Figure 2. Flaming combustion of polymeric material and the role of phosphorus-based flame

retardants 2
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health risk of goods, services, and the life cycle of products,
much like preexisting labels in Germany and the Nordic
countries.”? The Swedish TCO Certification specifically
credits the sustainability of IT products, a key industry of
non-halogenated FRs. Technology companies such as HP and
chemical companies such as ICL-IP have implemented
methods (GreenScreen, SAFR) to assess the chemical
safety of their products.”*

These trends are in line with consumer desires and the
market shift toward more environmentally friendly (and
ultimately sustainable) products, thus also prompting the use
of bio-based materials and green chemistry in FR formula-
tions.’*¥! Currently, attention has been placed on recyclable
FR materials, further decreasing the environmental impact.[*’!

Three key aspects—cost-effective conservation of mate-
rial properties; matching the thermal stability and mode of
action to processing and pyrolysis specifics; increased envi-
ronmental friendliness with sustainability as a goal—consti-
tute the characteristics of “good” flame retardants. In this
respect, novel P-FRs will play a pivotal role in future
products: their chemical versatility makes them ideally
suited, as will be showcased more closely in the following.

2. Phosphate Rock—A Finite Natural Resource

Phosphorus chemistry is one of the oldest areas of
chemistry, and involves the continuous development of new
methods to improve the safety and sustainability of chemical
processes. P-FRs are versatile: 1) the structure of P-FRs can
vary from inorganic to organic; 2) the P content in these
molecules can vary (e.g. from almost 100% for red P to
14.33% for DOPO); 3) the phosphorus can have different
oxidation states, from 0 to + 5, thereby resulting in different
FR mechanisms (both in the gas and condensed phases). This
architectural variation makes phosphorus unique for the
design of FRs with tailored property profiles, such as density
or glass transition temperatures (7,), by changing the binding
pattern (e.g. from alkyl to phenyl groups).

Most compounds that contain phosphorus are manufac-
tured from phosphorite, commonly known as “phosphate
rock”. The current industrial pathways for the synthesis of
various P-FRs are shown in Scheme 1. Phosphate is reduced
by an electrothermal process to elemental phosphorus (P,),*”
which serves as a precursor for the production of the main
intermediate compounds in industry such as red phosphorus,
phosphoric acid (H;PO,), phosphorus trichloride (PCly),

[Phosphate Rock]

AIP .
Zn;Py Metals C, sio PHy — Phosphinates
Heat Electric H,0
CaSPZ Furnace NHs ( — — )
‘% L o)
| HO O o, HO b0
O  H20, NaOH Py, ——%> H,p0, e » |
1.Ethylation H Il O_
D
* 2.PreC|p|tat|onH P ONa Cly l:::statt +NH3
Heat )\
Ha N?N
PNN
\i T H,N™ 'N° 'NH,
OR & pey HorP—o—H | = e
P _ Melamine
RO OR ol (0] Polyphosphate
5 +
0, NH4 n
ZnCI2
Ammonium
O O Hx0 Polyphosphate
POCI3 PClg
OH
OR

DOPO-derivatives

P(O)H(OR), -
R4-P(O)(OR), CI Heat _
Organophosphorus ,
Compounds
Hexachloro Poly(phosphazene)s
phosphazene

P-polymers

Scheme 1. Examples of industrial pathways to various P-based FRs from “phosphate rock”. (M is usually zinc or aluminum.)
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phosphorus pentachloride (PCls), phosphine (PH;), and
hypophosphite (H,PO,”). The exploitation of all these path-
ways for the synthesis of many FRs, such as ammonium
polyphosphate,*® melamine polyphosphate,® phospha-
zenes, ™ diethyl phosphonic metal salts, or DOPO,™*! vali-
dates the versatility of the phosphorus compounds used in FR
applications.

Although a large fraction of the P, production is trans-
formed into phosphoric acid, today PCl; is the main inter-
mediate for the production of major industrial organophos-
phorus FRs such as triphenyl phosphate (TPP), resorcinol
bis(diphenyl phosphate) (RDP), and bisphenol A bis(di-
phenyl phosphate) (BADP), as well as for the production of
oligomeric or polymeric FRs (Table 1). The common pathway
for the synthesis of phosphorus-containing polymeric FRs is
classical polycondensation (polytransesterification or via
phosphoric acid chlorides),! but more modern strategies
such as olefin metathesis polycondensation!*” or ring-opening
polymerization®! (e.g. of cyclic phosphazene derivatives or
cyclic phosphoric acid esters) were also studied more recently.

Reviews

Internati

However, phosphorus-based chemicals make up less than
3% of all the phosphorus extracted, with most of phosphate
(82 %) being used as fertilizer or for other purposes, including
animal feed additives (7 %), detergents, and cleaning prod-
ucts (8%).* Phosphate rock is a limited resource that is
geographically concentrated in China, the United States,
Morocco, Russia, and Jordan (according to the US Geological
Survey released in January 2017)." At current extraction
rates, estimates point to phosphate rock reserves being
depleted in the next 370 years, with the exception of the
reserves in Morocco.[*]

Currently, there is no alternative for this element; the
phosphorus life cycle needs to be considered for agriculture in
particular, but also for FRs. Consequently, the EU introduced
phosphate rock to the list of critical raw materials in 2014 and
elemental phosphorus followed in 2017.1! Therefore, to
ensure that phosphate fertilizers and phosphorus chemicals
are preserved for future generations, a sustainable phosphate
management, novel methods to better employ feedstock, and
recycling strategies are required globally. Possible technolo-

Table 1: Commercial P-FR alternatives to decabromodiphenyl ethers (d-PBDE) according to the United States (US) Environmental Protection Agency

(released in January 2014) FIE€

Commercial P-FR alternatives to d-PBDE Properties Polymer applications
?
Oroto
? CAS: 115-86-6 PPE-HIPS
@ M,: 326.29 PC-ABS
triphenyl phosphate (TPP)
o
< >—o F’ o o-p-0
O O o CAS: 181028-79-5 PPE-HIPS
" M,: 693 (n=1); >1000 (n=2) PC
PC-ABS
bisphenol A bis(diphenyl phosphate) (BAPP)
(@) o
OrotofryodolO
o [¢] CAS: 125997-21-9
n -
M,: 574.46 (n=1; CASRN 57583-54-7); EE-EAE”SPS
et M,: 822.64 (n=2; CASRN 98165-92-5
resorcinol bls(d|phenyl phosphate) (RDP)
CAS: 68664-06-2
thermosets
M,, <1000
phosphonate oligomer
QOF;’_O O}ﬁ_o@ CAS: 68664-06.2 elastomers
[ i M,,: 10000 to 50000; engineering thermo-
polyphosphonate <1% M,, <1000 plastics
O
s NgVeS Ny
7 CAS: 1003300-73-9 PPE-HIPS
@ @ M,: 650.6 (1=1); 974.8 (n=2); > 1000 PC-ABS
(n>3) PC
phosphoric acid, mixed esters with [1,1"-bisphenyl-4,4'-diol] and phenol
(BPBP)
g uvg' F
01P- o
ars oH A craivearing thermo
| M, >1000; < 1% <1000 gineering
plastics

poly[phosphonate-co-carbonate]

[a] The mode of action in all cases involves chemical action in the condensed phase and char formation.
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Figure 3. Renewable sources of P-FRs.

gies for phosphorus recovery include a wide range of
strategies, such as phytoextraction (optimum annual P
removal from Indian mustard seed equal to 114 kgPha™),
biochar (ca. 10 gPkg ™' biochar), or extraction from human
urine and feces (recovery of over 80 % of total P from urine
with approximately 0.5 and 1.3 gcapita—'day!).! In addi-
tion, it is estimated that the extraction of P from manure in
the EU may be near to 1.8 millionta™', which would satisfy
the annual demand of P required for EU fertilizers.*!l On the
other hand, as sugars are sometimes referred to as the “new
oil” for tomorrow’s materials, the extraction of phytic acid or
biomacromolecules (deoxyribonucleic acid and caseins) are
also strategies to isolate P derivatives for the valorization of
by-products from the agro- or food industry (see Section 5
and Figure 3) and P-FRs can be part of a sustainable
phosphorus chemistry.

3. Recent Developments in Reactive Phosphorus
Compounds

P-FRs can be implemented as either additive or reactive
components. The latter allows for the FR to become part of
the material’s constitution, thereby leading to “inherently”
flame-retardant materials.

Reactive FRs are mainly used in thermosets, such as
unsaturated polyesters, epoxy resins, or polyurethane foams.
They are equipped with functional groups (alcohols, epoxy,
amines, halogens, etc.), which allow incorporation into the
polymer matrix during curing."™*! In epoxy resins, reactive
FRs are preferred since they are covalently attached to the
network and thus have a lower impact on the physical
properties of the final product. In contrast, additive FRs result
in decreased glass transition temperatures (7,) and are prone
to leaching (see Section 4). The decreased leaching of reactive
FRs also reduces the potential pollution of wastewaters.
However, additive FRs dominate the market, as they are
easier to use and lower in price. In contrast, reactive FRs are
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accompanied by the need for a significant
reformulation of the curing process. This
presents a disadvantage of reactive FRs,
that is, each matrix needs a newly designed
and formulated FR, while additives may
be used for several polymer matrices.™”!

3.1. Polyurethanes (PUs)

As a consequence of the wide use of
polyurethanes (PUs) in foams, coatings,
etc. and their inherent flammability, FRs
are necessary. However, not only are the
FR properties important, they also have

O-E—O—CHOJ\N | an impact on the environment and phys-
5N\ ical properties. Biodegradable PUs are
O commonly synthesized with hydrolyzable

soft segments.®!! The use of P-FRs could

achieve both, since these materials dem-

onstrate good FR properties and can be
both biocompatible and degradable.? Chiu et al.”" synthe-
sized PUs that achieve a V-0 rating in the UL-94 test
(classification for the flammability of plastics) and presented
efficient FR properties with limited oxygen indices (LOI,
minimum oxygen concentration required to sustain combus-
tion) higher than 27.7%. The authors used 4,4-diphenyl-
methane diisocyanate (MDI) as the hard segment; 5-hydroxy-
3-(2-hydroxyethyl)-3-methylpentyl-3-[2-carboxyethylphenyl-
phosphine] propanoate (HMCPP, Figure 4) and polycapro-
lactonediol (PCL) as the soft segments; and 1,4-butanediol
(BD) was used as a chain extender. By increasing the HMCPP
content (7.5, 15.0, and 22.5 mol % with respect to MDI) in the
PUs, the decomposition temperatures and the T, values were
reduced by several degrees.”"

OH
O}Q 2 0 oH
0_/—4 |-|2N—<;>—o—|=>—o«j>—w2 g
HO-P o OH 7

HMCPP BAPPO PTMA

Figure 4. Examples of reactive P-FRs: HMCPP (5-hydroxy-3-(2-hydroxy-
ethyl)-3-methylpentyl-3-[2-carboxyethylphenylphosphine]propanoate)
used in PU; BAPPO (bis(4-aminophenyl) phenylphosphine oxide) used
in PU, PTMA (phosphoryltrimethanol) used in PU.F">

As a water-based example, Celebi etal.”* followed
a similar approach to synthesize aqueous dispersions of FR
PUs, but instead of incorporating the P-FR as a soft segment,
they incorporated it in the chain-extension step. Water-based
PUs reduce the use of organic solvents and are, therefore,
attractive from an environmental perspective. Bis(4-amino-
phenyl)phenylphosphine oxide (BAPPO, Figure 4) was used
for the flame-retardant PU, and ethylenediamine for the non-
flame-retardant PU. Poly(propylene-co-ethylene)polyol was
used as a co-monomer. The physical properties of the two
PUs are almost identical, except their gloss properties. This
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was explained by the difference in the chain conformation of
the two PUs. Furthermore, BAPPO increased the crystallinity
of the hard segment, through its aromatic groups and longer
chain length, which contribute to the higher packing capa-
bility of the hard segments.”>

The majority of reactive FRs rely on halogens or
phosphorus. Halogenated FRs are substituted nowadays
because of toxicity and environmental concerns. It was
reported that P-containing polyols are mainly the most
appropriate reactive FRs for rigid PU foams, but they are
rarely used in flexible PU foams (FPUF).’!! Chen et al.P*"!
presented FPUFs, which contained phosphoryltrimethanol
(PTMA, Figure 4) as a cross-linker. They proved that PTMA
was mainly active in the condensed phase during a fire
scenario. However, PTMA had a negative effect on the cell
structure of the foam. With increasing PTMA content, the cell
size increased and consequently the number of cell windows
decreased. This behavior can be explained by the increased
number of closed foam cells arising from the cross-linking
nature of the PTMA further influencing the mechanical
properties. The FPUF containing 3.2 wt % PTMA showed an
increased tensile strength and elongation at break compared
to the neat FPUF, because of the change in the foam
structure.["

3.2. Epoxy Resins

The copolymerization of FRs is not limited to PUs; epoxy
resins, often used for their thermomechanical properties and
processability, also exhibit high flammability and, therefore,
require FRs. The FRs can be introduced to the epoxy- or
nitrogen-containing compound.

Zhang et al.”™ proved that it is possible to achieve high 7,
values, high thermal stability, and an UL-94 V-0/V-1 rating by
the addition reaction of DOPO and epoxy phenol-formalde-
hyde novolac resin (Scheme 2). DOPO was the first efficient
halogen-free FR for epoxy resins based on novolac and
gained much attention because of its high thermal stability,
high reactivity of its P—-H bond, and flame-retarding effi-
ciency.®

An alternative method to incorporate the FR into the
polymer network is to use it in the hardener, a process
commonly used for epoxy resins. An example of this approach
is the work of Artner et al.,’”! who compared two DOPO
derivatives (Figure 5): one was modified with amine groups
and was used as a FR hardener in epoxy resins, the other had

o/\& o/\& o/\& ox ox ox
N PN N N
C CH, :\/ CH2—© © CH, :\/ CH2—©
N PhyP
-0 2 . oA
“ a9
0-P=0 R

Scheme 2. FR-functionalized novolac resin for further use in epoxy
resins .’
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Figure 5. DOPO-based hardener (left), nonreactive analogue (right).””

a similar structure, but was an additive FR. The authors
revealed that the reactive FR has the potential to be superior
over the additive FR.

By attaching the amine groups directly to DOPO, the
solubility of the hardener was increased compared to previous
studies. The resin with the DOPO-based diamine hardener
presented comparable thermal- and fracture-mechanical
properties as the reference epoxy material, namely the
diglycidyl ether of bisphenol A with 4,4’-diaminodiphenylsul-
fone. In contrast to the reactive FR, the non-reactive additive
showed a decrease in the 7, value by about 75°C and a lower
rubber modulus. However, the new hardener revealed a high
reactivity, which led to an increase in viscosity during curing,
thus posing a problem for application in composite materials
because of the reduction in processing time."”!

In contrast, Ciesielski et al. illustrated that it is not
necessary to use reactive FR components to maintain
superior mechanical performance. By using the DOPO
derivatives (DDM-(DOP), and DDM-(DOP),-S) (Fig-
ure 6a,b), their epoxy resins achieved a V-0 rating at 1% P
in the resin without significantly lowering the T, value. It was
reported that phosphoramides can ring-open epoxides,*® so
other P-N nucleophiles may also be incorporated into the
polymer matrix, depending on the respective reaction kinet-
ics.

Reactive phosphate-based FRs can also decrease the T,
value, which may be attributed to the flexibility of the P—O
bond. However, Wang and Shi® reported that reactive
hyperbranched (hb) poly(phosphoester)s (PPEs; Fig-

e O
N
H H

DDM-(DOP),
b)
u
DDM-(DOP),-S

c) o
oA ot
O
I (0)

Figure 6. a,b) DOPO-based FRs achieving a V-0 rating at 1% P in the
epoxy resin; c) hbPPE FR for epoxy resins with a lower impact on the
T, value.F*>
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ure 6c)—because of their branched structure—reduce the T,
value to a smaller extent. This was attributed to the higher
cross-linking density of the #bPPE having a greater influence
than the P—O flexibility. The h/bPPE was synthesized in an
A, + B; approach by polycondensation of bisphenol A and
phosphoryl chloride. This #bPPE was used to cure a bisphe-
nol A based epoxy resin by PPh; catalysis, which led to a resin
with a higher 7, value than the resin cured with only
bisphenol AP

3.3. Phosphorus Oxidation State

The decrease in the T, value by the presence of flexible
P—O bonds was also reported by Jeng et al.** In addition,
they stated that the introduction of sterically demanding
groups such as P-O-C;H,-O-P can reduce the cross-linking
density, thereby resulting in a further lowering of the T, value.
In contrast, the T, value was reduced less when they used
a FR with a more rigid P-Ph group. However, the FR
mechanism was also influenced by exchanging a P—O bond by
a P—C bond. Most reports indicate that phosphine oxides are
rather poor char promoters, but are more active in the gas
phase than other P-FRs with higher oxidation numbers such
as phosphates."” The higher gas-phase activity of phosphine
oxides was also reported by Braun et al.”’l who investigated
the impact of the P oxidation state on its FR behavior in
epoxy resin composites. They reported, in agreement with
previous reports,®® that the amount of stable residue
increased and the release of volatiles containing phosphorus
decreased as the oxidation state of P increased (Figure 7).
However, in previous reports it was concluded that phos-
phates are the more efficient FRs, because of their higher
efficiency as char promoters compared to phosphine oxi-
des.[ This conclusion differs from that of Braun et al., who
ranked phosphine oxide as the best FR and phosphate as the
worst through the observation of an increase in charring and
decreased flame inhibition for the phosphates, which signifi-
cantly accounted for the performance of FR in composites.
These conflicting statements can be explained by the fact that
Braun et al. investigated composites as a matrix, for which
flame inhibition as a main mode of action plus minor charring
was a very promising route for flame retardancy.**!! They
showed that the key role of the oxidation state was in the type
of interaction during the pyrolysis. The authors explained the

R—

9
- ' R—0-P-0-R,
Oxidation number Q

Stable Residue / Char} Stable Residue / Charf Rs

Gas phase activity | Gas phase activity |

PO-

Figure 7. The char residue increases and the gas-phase activity
decreases as the oxidation state increases.
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greater role of the gas-phase activity of composite materials
with a high content of carbon fiber through a decrease in the
relative impact of the charring.*

4. Recent Developments in Additive Phosphorus
Compounds

Most FRs are added as additives during polymer process-
ing steps instead of being built into the polymer backbone.

The major advantage of additive FRs is their cost-
effectivity (i.e. performance value of the material) and ease
of application in various matrices, thus they are widely used in
industry.”>%! Despite these advantages, additive FRs also
exhibit several drawbacks, most notably their impact on
physical properties such as the 7, value or mechanical
stability. Leaching of the FRs over time is a major issue,
especially for compounds with a low molecular weight. This
may be partly prevented by using polymeric substances;
however, phase separation needs to be prevented.”! The
biggest challenge for additive FRs is, therefore, to find the
optimal balance between the FR and the mechanical proper-
ties. 500!

4.1. Inorganic Phosphorus Flame Retardants

The “classic” example of an inorganic P-FR is red
phosphorus, but in practice it is only used as an encapsulated
substance to process FR thermoplasts, for example, glass-
fiber (GF) reinforced PA 6,6, or in many types of multi-
component FR systems."*®! The main advantages are an
unparalleled high P content and efficiency already at small
amounts: in GF-reinforced PA 6,6, in combination with metal
oxides as synergists, only <7 wt % was necessary to achieve
excellent FR performance. While the use of red P alone is
declining, it is proposed in combined formulations that
include <8 wt% red P, for example, in P +inorganic filler
or in P-P mixtures combined with intumescent ammonium
polyphosphate (APP) based systems.!'®%]

Tan et al. reported a hardener for epoxy resins based on
inorganic APP which was modified with piperazine by cation
exchange to later act as a hardener. This approach yielded
efficient flame retardancy and showed improved mechanical
properties compared to the dispersion of APP in the epoxy
resin as a result of homogeneous incorporation without
aggregation.””! Duan et al. used APP combined with a hb-
phosphorus/nitrogen-containing polymer in polypropylene
(Scheme 3).1%%1

Formulations using equal parts (10 wt %) of polymer and
APP showed high LOI values of up to 30 %, compared to LOI
values of approximately 20 % for 20 wt % of the individual
compounds. These results suggested synergism between the
hb polymer and the APP. Raman spectroscopy revealed that
more graphitic char had been formed by the combination of
these two compounds. The protective layer effect of the
charred layers was also observed in thermogravimetric
analysis (TGA) measurements through a higher temperature
at maximum weight 10ss (T,
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Scheme 3. Synthesis of the hb FR polymers containing phosphorus/
nitrogen [

Braun et al. showed that the reactivity of the P additive
with the polymer matrix (here: GF-reinforced PA 6,6) has
a great influence on its interaction with other additives as well
as the main activity in the condensed or gas phase. This study
illustrated that the main mechanism of melamine polyphos-
phate (MPP) is dilution of the fuel and the creation of a P-
based protective layer. Aluminum phosphinate (AIPi),
another FR currently widely applied, on the other hand,
acts mainly in the gas phase. The combination of the two
additives changes the dominant FR mechanism through the
formation of a strong protective layer consisting of aluminum
phosphate. The addition of zinc borate led to formation of
a boron-aluminum phosphate layer, which showed a better
protective layer performance than aluminum phosphate and
resulted in the best cone calorimeter (most important instru-
ment in fire testing, measuring heat release rate by the
amount of oxygen consumed during combustion) perfor-
mance of the samples, with hardly any ignition evident.’*®!

The use of various salts of dialkylphosphinates, (e.g.
aluminum, calcium, and zinc) as effective FRs for GF-
reinforced thermoplasts were investigated by Clariant SE.
The aluminum salts AlIPi are commercially available under
several trade names, such as Exolit OP 930, Exolit OP 935,
and Exolit OP 1230. The Exolit OP line of products vary in
the AIPi modification (e.g. encapsulation, particle size,
etc.).l13%

The synergism between AIPi and nanometric iron oxide
or antimony oxide was investigated by Gallo et al., who found
different FR behaviors operated: in a redox cycle, Fe,O;
oxidized P to inorganic phosphates and was reduced to
magnetite, thereby increasing the amount of P in the
condensed phase. However, a catalytic effect on the cross-
linking was postulated for Sb,0;, a nonreducible oxide, as no
hint of the same mechanism was detected. The authors
proposed that the surfaces of the metal oxides stabilize the
oxygen-containing intermediate structures and thereby pro-
mote cross-linking reactions between the polymer chains and
also the interaction with P-based intermediates.”"!

Naik et al., and in a recent study Miiller et al., compared
the influence of the metals in melamine poly(aluminum
phosphate), melamine poly(zinc phosphate), and melamine
poly(magnesium phosphate) in epoxy resins. Melamine
poly(aluminum phosphate) reduced the peak heat release
rate (PHRR) by about 50 %, whereas the other two melamine
poly(metal phosphates) achieved a reduction of PHRR to less

Angew. Chem. Int. Ed. 2018, 57, 10450 — 10467

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

with a low heat release rate (HRR) and the lowest PHRR,
maximum average rate of heat emission, and fire growth rate
index values.

4.2. Organophosphorus Flame Retardants (OPFRs)

Organophosphorus compounds are currently discussed as
substitutes for halogenated, mainly brominated, FRs. Most
organophosphates are used as additives rather than being
chemically bound to the polymer matrix."” Besides their use
as FRs, they work as plasticizers or antifoaming agents and
are used in plastics, furniture, textiles, electronics, construc-
tion, vehicles, and the petroleum industry. In the following,
some examples of these compounds—selected because of
their importance to the field (more than 30 citations)—are
discussed.

The influence of the chemical structure on the FR
mechanism is not only important to small molecules, but
also for organophosphorus polymers. Aromatic polyphospho-
nates exhibit higher thermal stability than aliphatic poly-
phosphonates, and, at the same time, they have a higher
hydrolytic stability than the aromatic polyphosphates. This
was explained by the presence of the stable P—C bond in
phosphonates, while phosphates carry an additional hydro-
lyzable P-O-C linkage that results in lower degradation
temperatures.[””!

The influence of the chemical structure of the FR on its
mechanism has been intensively studied. While Beach et al.
suggested that the major FR mechanism for bromine- and
sulfur-containing FR additives in polystyrene is through
enhanced degradation of the polystyrene matrix,”™ the
phenomenon of radical generation together with flame
inhibition was first investigated by Eichhorn in 1964.7 The
mechanism of the condensed phase is as follows: a hydrogen
atom is abstracted from the polystyrene backbone by the
flame retardant, followed by [3-scission of the polystyrene
radical (Scheme 4).

P-FRs show no such enhanced degradation of polystyrene
(PS) and, therefore, exhibit lower performance in LOI tests,
the reason being the difference in bond dissociation energies.
However, combining sulfur with triphenyl phosphate (TPP)

FR — FR'+ FR* Homolytic cleavage (1)

FR** + H-PS — PS- + H-FR FR abstraction of H (2)
FR* + PS: — PS(=) + H-FR Termination 3)
PS* — -CH,C(Ph)=CH,+ Ph"CHCH,- B scission (4)

Scheme 4. Mechanism for enhanced degradation of polystyrene.”

www.angewandte.org

An dte

Chemie

10459



An dte

Chemie

GDCh

L Reviews

Internatic

resulted in a performance comparable with that of hexabro-
mocyclododecane (HBCD). Loosening of the polymer net-
work by degradation is an important condensed-phase
mechanism which allows mass transfer of gas-phase species
to the surface and removes fuel and heat away from the
pyrolysis zone via melt flow. According to the authors, the
synergism between sulfur and TPP was achieved by the sulfur
causing enhanced degradation of the PS network (Scheme 4),
which resulted in an improved mass transfer of TPP to the
surface.”™ More recently, Wagner et al. investigated OPFRs
with synergists containing disulfide bridges, further identify-
ing the role of radical generators in the enhanced degradation
of polystyrene./”"!

As most additive monomeric and oligomeric OPFRs
exhibit a plasticizing effect on the polymer matrix and may
volatilize or migrate during the processing, alternative FRs
are needed. Therefore, academic and industrial studies are
increasingly turning to polymeric OPFRs which are designed
to be completely miscible with the matrix and, therefore, less
likely to migrate over time.””!

The importance of the FR molecular weight was inves-
tigated by comparing the monomeric FR TPP with the
oligomeric FRs resorcinol bis(diphenyl phosphate) (RDP)
and bisphenol A bis(diphenyl phosphate) (BDP) in poly-
carbonate/acrylonitrile-butadiene-styrene blends. All three
compounds showed activity in the gas phase through flame
poisoning, with TPP and RDP revealing a slightly better
performance than BDP. However, TPP had almost no
condensed-phase activity, while RDP showed
some, and BDP demonstrated the highest activ- _
ity. The behavior was explained by the fact that
BDP and RDP catalyzed Fries rearrangements in
the PC, while TPP volatized before the decom-
position of PC-ABS because of its low molecular
weight, thus preventing chemical interac-
tion. 12377

The phase separation of polymer blends must L
always be investigated with respect to the desired
material properties. In this context, 4b polymeric

5. Modern Trends and the Future of Phosphorus-
Based Flame Retardants

5.1. Synergistic Multicomponent Systems

Flame-retardant structures containing heteroatoms such
as nitrogen, silicon, sulfur, and boron in combination with
phosphorus provide a huge range of specific interactions,
compared to the decomposition of phosphorus structures or
the decomposition of these with pure hydrocarbons,?
thereby reducing the overall load of FRs in a material and
maximizing effectivity (Figure 8).137]

The combination of phosphorus—nitrogen (P-N) com-
pounds is one of the most promising reported synergisms for
halogen-free flame retardants. P-N synergism promotes the
formation of cross-linked networks with polymer chains
during a fire, thereby encouraging the retention of P in the
condensed phase and yielding higher and more thermally
stable char formation.®! Two of the most prominent P-N
structures include phosphoramidates® and cyclotriphospha-
zenes. s

The main advantages of phosphoramidates over their
analogous phosphates are their higher thermal stability,®
lower volatility,* and higher viscosity as a result of hydrogen
bonding.®>! These features can increase the density of the
entire system and make them more likely to be retained in the
matrix during combustion, thus contributing to a higher
condensed-phase activity and affording higher char yields.

PN 00T 9
N B N-P
OH \_co_/ i
0]
b

FRs are promising materials. Their key proper- OR_‘/SiO/ o}sz

ties include many reactive end groups, a relative © R~Si/{ \Si/_ R \
low intrinsic viscosity compared to linear poly- Q‘F{OXQF;'C_)O_SFO / ? \ P ke pd
mers, and in most cases a high miscibility and o o @ Q R\Si °d o
solubility with other polymeric materials. In s/é \o’/: 3R

addition, their straightforward synthesis through R’ '\O/ R

“hyperbranching”, that is, statistical branching
polymerization, makes them available on a large
production scale. Furthermore, this class of
polymers also has the potential to have a lower
impact on material characteristics such as
mechanical properties and 7, value.”!
Phosphorus combines chemical versatility
and FR effectivity, thus allowing for enormous
variety in FR formulations. These examples have
shown that P shows different modes of action in

FR formulations because of many various cri-

terl'fl: 0X1dat101.1 state, reac.tlve or additive, l.nor- Figure 8. Various FR formulations with synergistic moieties. Top row: boron-contain-
ganic or organic, low or high molecular weight, ing formulations; middle row: silicon-containing formulations; bottom left: P-S-

etc. containing formulations; bottom right: formulation containing two types of P.['**&)
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Neisius et al. suggested the hydrolysis of P—N bonds occurred
under acidic conditions to form nonvolatile compounds
(Scheme 5).5%1 Interestingly, they showed that trisubstituted
phosphoramidate displayed poor flame-retardant behavior on

SRS NP I

NH NH NH NH
| . ZQ« /Q | @ |
O—E’—NH +H ,+ H,O O:|I3—NH2 o:E’-OH2 O=E’—OH
HN HN -H,N~ HN -H HN

\ \ \

Scheme 5. P—N bond hydrolysis under acidic conditions.

|8

182¢]

flexible polyurethane foams compared to the analogous
monosubstituted phosphoramidate (Figure 9). The authors
suggest that this is because the trisubstituted phosphorami-
date decomposes thermally/hydrolytically to form nonvolatile
structures that contribute only to condensed-phase activity.
However, the monosubstituted phosphoramidate can decom-
pose to form PO" radicals, which might prevent the oxidation
of H" and OH" radicals.

Linear poly(phosphoramidate)s (PPAs) were also studied
as FRs.™ The results indicated an enhanced thermal stability,
increased formation of char yields at higher temperatures, and
higher glass transition temperatures (7,) with respect to the
analogous poly(phosphate)s. Improvement in the flammabil-
ity test (30% limiting oxygen index (LOI)) and dripping
resistance (V-0 rating in UL-94) was achieved with a loading
of about 30 wt % PPA.

In the last decade, a myriad of chemically and thermally
stable phosphazene derivatives has been developed (Fig-
ure 10).53828 Cyclophosphazenes are reported to present
even higher thermal stabilities than phosphoramidates: the
thermal decomposition of the phosphazene-bound piperazine

Figure 10. Low-molecular-weight and polymeric flame-retardant phosphazenes.
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Dimethyl mono-substituted
scondary phosphoramidates

Diphenyl mono-substituted
secondary phosphoramidates

O
1" / 1 /
o".j\N /O’?\N
~“~ 0OH Ph /O H
/ Ph
(0] (0]
n // 1 //
o’I?\N ,O’llb\N
20 R Ph"" O H
/ Ph
(0] (0]
O O
O/ \N - \N
20 H Ph’o /(') H
/ PH

Figure 9. Monosubstituted dimethyl/diphenyl phosphoramidates. >

has been reported from 350°C up to 500°C (under N,) with
residues between 50 and 70 wt %, depending on the substitu-
ents. This large amount of char indicates cross-linking during
pyrolysis, for example, through ring-opening polymeriza-
tion.®* %I The hydrolytic lability of P-N bonds limits their
application in textiles (washing). Although, recent studies
showed self-extinguishing in cotton/polyester blends grafted
with allyloxypolyphosphazene.™”

Hexachlorophosphazene is the common starting material
for polyphosphazenes, as it allows the introduction of various
pendant groups after polymerization, for example, the fully
inorganic polyaminophosphazene, or functional inorganic-
organic hybrid polymers ranging from linear copolymers'*®” to
branched polymeric structures.®! The cross-linked or hb-
poly(phosphazene) structure not only acts as a good carbon-
ization agent, but can also stop dripping and reduce the peak
heat release rate (PHRR) by 55%, as reported by Tao
et al.lB%!

Polyphosphazenes usually exhibit low 7, values (from
—100°C to above room temperature).”"! Qian et al. synthe-

[87-90]
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sized phosphaphenanthrene/cyclotriphosphazene FRs with
practically the same T, value as the neat diglycidyl ether of
bisphenol A (DGEBA) epoxy resin.’”] Recently, the Wu
research group has been working on the synthesis of several
cyclotriphosphazene-linked epoxy resins. 7, values of 160°C
or 145°C were reached by using them as a matrix®® or
loading them into DGEBA resins (20 wt%), respective-
ly.B30:9%1 A self-extinguishing UL-94 V-0 rating was achieved
with a loading of 30 wt % in the resulting thermosets.

As mentioned in Section 4, a current challenge in the
development of new FRs is the retention of the mechanical
performance of the matrix and effectiveness of the FR. This
was achieved to some extent by reactive hbPPEs (see
Section 3.2). Another, very promising approach to meeting
this requirement is the combination of P compounds either by
blending or covalent linkages to nanometric fillers, such as
carbon nanotubes,” graphene,”® polyhedral silsesquiox-
anes,™ halloysite nanotubes,” montmorillonite, or metal
oxide nanoparticles.[%] In some cases, FRs which are cova-
lently grafted onto the nanofillers have higher efficiency than
additives at the same concentration.””! Acceptable grafted
amounts of P compounds are between 10 and 30 wt %, which
equate to less than 1 wt% phosphorus in the final nano-
composite. A UL-94 V-0 classification (Figure 11a) and an
increase in the LOI value have been reported for polyprop-
ylene and epoxy resin using DOPO-grafted to SiO, nano-
particles,”™ exfoliated graphene,” or glass fabric.’”?l

Typically, the synergistic effect of the nanofillers and P-
grafted compounds occurs in the condensed phase. Phospho-
rus promotes the formation of cross-linked structures, which
together with the effect of nanofillers of increasing the melt
viscosity promotes intensive carbonization (Figure 11b).
However, some studies have suggested that the grafting of
chlorinated phosphorus compounds or DOPO-silane deriva-

a) Flammability test UL-94

b) Intense carbonization

tives to carbon nanotubes” and graphenel” also affected
the gas phase. The combination of gas- and condensed-phase
activity led to a reduction in the PHRR by around 35 % and
an increase in the LOI values in polyamide 6 and epoxy resin,
even achieving the V-0 classification in UL-94 tests.

However, the FR effect of the nanofillers depends not
only on the formation of a compact network layer at high
temperatures, but also on their ability to be dispersed in the
nanocomposite (Figure 11). For example, several research
groups focused on grafting P compounds such as diphenyl-
phophinic chloride,”*! hexachlorocyclotriphosphazene,”™! or
an oligomeric diaminobisphosphonate!™! to carbon nano-
tubes. These polymers cover the surface of the nanotubes with
a thin layer, which impedes the formation of -7 interactions
and promotes their individual dispersion in polystyrene (PS),
polyamide 6 (PA6), or ethylene vinyl acetate (EVA), respec-
tively. Stable dispersions in dimethyl sulfoxide (DMSO), N,N-
dimethylformamide (DMF), or H,O were achieved after
ultrasonication. In addition, Qian et al. also obtained stable
colloidal dispersions of graphene grafted with DOPO-silane
in ethanol, tetrahydrofuran (THF), and DMF (Figure 11 c).”
According to the authors, the introduction of compounds with
polar groups on the surface of the carbon nanotubes favored
their wettability and compatibility with polymer chains.

It is clear that research on synergistic systems is very
active. P-N-based compounds have proved to be a robust
alternative to the predominantly halogenated FRs in use
today. As shown in Section 5.1, a condensed-phase mecha-
nism is predominant for P-N compounds as well as for P
nanocomposites. In the latter, the key role of P-FRs is to favor
the dispersion of the nanofillers, thereby enhancing the
formation of a protective char layer and lowering the heat
release rate (HRR) during the combustion of the polymer.

c) Dispersion

| bR o} ol
N—PZ >P
N/ \OXO )

MWNT-g-PDSPB

Ethangl® THF

Graphene-DOPO-VTS

__TEM imgaes of EP/Graphene-DOPO-VTS

Figure 11. Effects of phosphorus-grafted nanofillers in an organic matrix.'® """ a) UL-94 test of ethylene vinyl acetate (EVA) with 1 wt%
multiwalled carbon nanotubes (MWNTs) wrapped on the surface with poly(2,6-diaminopyridine spirocyclic pentaerythritol bisphosphonate)
(PDSPB); b) carbonization after the cone calorimeter test of epoxy resin (EP) with 2 wt% of the MWNTs wrapped on the surface with
poly(phenylphosphonic-4,4"-diaminodiphenylmethane) (PD); c) photographs of dispersions of graphene and graphene wrapped with 9,10-dihydro-
9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) modified vinyl trimethoxysilane (DOPO-VTS) in different solvents and transmission electron
microscopy (TEM) images of EP with graphene-DOPO-VTS as a flame retardant.
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5.2. Renewable Sources

Fractions of biomass from different industrial sectors (e.g.
paper) are utilized to produce bio-based FRs, such as
carbohydrate fractions (starch), oil fractions (triglycerides
or fatty acids), and phenolic fractions (lignin).'*1%?l In some
cases, these fractions are modified with P compounds to
improve their FR potential.

Since 2006, the group of Cadiz, in particular, have made
special efforts in this field.'””! They reported new routes to
obtain P-containing triglycerides or fatty acids from vegetable
oils by cationic polymerization, by cross-metathesis reaction,
or by Michael addition. An increase in the LOI values in the
final material was detected. More recently, Howell et al.'*l
reported the esterification of isosorbide (from starch) with 10-
undecenoic acid (from castor oil) to provide a difunctional
ester which can be modified by a thiol-ene reaction to
generate a series of phosphate, phosphonate, and phosphinate
esters, which were later incorporated into epoxy resins.
Howell et al. further synthesized diethyl esters of tartaric
acid, a by-product of the wine industry, using diphenylphos-
phinic chloride, thereby producing an ester which may serve
as a base for further FR agents.!'*”)

Starch, chitin, and chitosan are polysaccharides that carry
various chemical functionalities that can undergo reactions
such as etherification, esterification, or graft polymerization
to produce FRs.'"! Cotton fabric is the matrix par excellence
for the application of bio-based FRs and is the most
commonly used. Polysaccharide cationic polyelectrolytes
deposited through layer-by-layer (LbL) assembly can greatly
enhance the char-forming ability of cellulose. 20-40 deposi-
tion steps are usually necessary to achieve significant flame-
retardant properties, which limits the applicability of this
technique. However, Carosio et al.""" recently achieved self-
extinguishing during a flammability test after only two
deposited bilayers (less than 5 wt% deposited on cotton)
using a polyphosphoric acid as an anionic polyelectrolyte. The
dehydration effect of the polyphosphoric acid promoted the
formation of a protective layer from the starch. Xiao et al.l”®!
reported the synergistic effect of a chitosan/urea compound
based on a phosphonic acid melamine salt with melamine
pyrophosphate and pentaerythritol in polypropylene, thereby
accelerating the decomposition and promoting char forma-
tion.

Lignocellulosic materials are aromatic-rich polymers that
exhibit high thermal stability and very high char yields. The
high number of reactive functional groups in their structure
allows their chemical functionalization with P to promote
dehydration reactions, and with nitrogen compounds to
release NH; gas. Liu et al."® reported the modification of
lignin by grafting polyethylene imine and diethyl phosphite as
well as its incorporation in polypropylene/wood composites.
Costes et al.''"! modified lignin with PONH, to improve its
FR action in poly(lactic acid). A V-0 classification in UL-94
fire tests was achieved through the incorporation of 20 wt %
of the treated lignin.

Interestingly, the authors showed that the thermal stability
of lignin is mainly dependent on the nature and the number of
monomer units that constitute the plant, which is not only
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affected by the plant origin but also by the extraction process
used. Thus, Organosolv lignin was less thermally stable than
Kraft lignin. The thermal degradation of lignin started around
230°C with the cleavage of the phenylpropanoid side chain
and continued with the further cleavage of the main chain
(250°C-450°C), which produced a large quantity of methane.
Above 500°C, condensation reactions of the aromatic struc-
ture occur, promoting the formation of 50 wt% of a stable
char up to 650°C. Lignincellulosic derivatives such us coffee
grounds™? in poly(butylene adipate-co-terephtalate) or
vanillin™ in epoxy resins have also been reported as FR
additives.

The use of phytic acid from cereal grains, beans, or seed oil
(28 wt % P content) has been reported so far as a bio-based P-
FR. Phytic acid (PA) decomposes around 200°C, which
ensures the dehydration of a carbon source and makes it
a good candidate as an acid source for intumescent sys-
tems."" Laufer et al. used LbL assembly to develop a fully
renewable intumescent system which reduced the flamma-
bility of cotton."™! The combination of 30 bilayers of PA
(anionic polyelectrolyte) with chitosan as a cationic polyelec-
trolyte succeeded in completely extinguishing the flame in
a vertical flame test. Recently, Zheng et al.'"*! synthesized
a melamine phytate (MPA) with a particle size around 1 um
by the reaction of phytic acid with melamine. MPA starts to
decompose at around 250°C, releasing water and producing
melamine polyphytate by self-cross-linking. At 400°C, the s-
triazine ring from melamine decomposes with generation of
inert gases. The addition of a charring agent, dipentaerythri-
tol, was necessary to reach 28.5% in the LOI test and a V-0
rating in the UL-94 test (the dripping phenomenon of
polypropylene needed to be suppressed).

5.3. Biopolymers

The groups of Malucelli and Alongi have recently
introduced the use of phosphorylated biomacromolecules
such as caseins (from milk products) and deoxyribonucleic
acid (from the extraction of salmon milt and roe sacs) as
inherent FRs; this was part of a strategy for the valorization of
by-products from the agro-food industry.[*116!

ag-Caseins are phosphorylated proteins containing
approximately nine bound phosphate groups per molecule.
In cotton fabrics, caseins show thermal degradation profiles
analogous to those of ammonium polyphosphate (APP) salts,
except that the phosphoric acid is released at lower temper-
atures compared to the salts, because of the weaker covalent
bonds of the phosphate groups in the main chain. The
catalytic effect of the phosphoric acid in the dehydration of
the cellulose promotes the formation of a thermally stable
char at 600 °C. In flammability tests, a significant decrease of
35% in the total burning rate and a reduction of the PHRR by
27% were achieved. In polyester fabrics, the decrease in the
burning rate was 67 %, but dripping was not suppressed.

The structure of deoxyribonucleic acid (DNA) makes it an
ideal intumescent material as it carries 1) phosphates as an
acid source, 2)deoxyribose units as a char source, and
3) nitrogen-containing aromatic groups as blowing agents.
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However, DNA decomposes at lower temperatures (160
200°C) than the typical intumescent additives (e.g. 300-
350°C).""" In cotton fabrics, the thermal degradation of DNA
was similar to that of APP: the combustion data proved
a significant decrease in the PHRR by 50 % combined with an
intumescent effect.

The application of caseins and DNA to the fabric was
carried out by impregnation or by LbL depositions. For
significant results, 20 bilayers were necessary to reduce the
burning rate and achieve self-extinguishment of the fabric as
well as an increase of the final residue after burning.
However, the major disadvantage of applying biomacromol-
ecules to fabric is their poor resistance to washing treatments.

Recently, Alongi et al. investigated the potential of DNA
coated on different matrices (EVA, PP, PA6) as a “universal”
FR."® Thicknesses of 3 mm (10 wt% DNA) showed good
performances and a reduction in the PHRR of more than
50% in all polymeric matrices (Figure 12).

H2 Blowing Agent

/=N
N

NS NH

Figure 12. Top: DNA-coated polymer surface and chemical structure of
a DNA segment and its different compounds acting together to form
an intumescent flame retardant. Middle: Heat release rate plots at

35 kWm~? for ethylene vinyl acetate (EVA) and EVA treated with 5, 10,
and 15 wt% DNA. Bottom: Snapshots taken at different times during
cone calorimetry tests on an EVA sample with only 50% of the surface
coated with DNA.®
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To summarize, the main mechanism of biopolymers in
cotton fabrics is the release of phosphoric acid at lower
temperatures to catalyze the formation of a thermally stable
char. However, two current limitations to their use are their
poor resistance to laundering and their expensive production
on a large scale.

6. Conclusions

Phosphorus is pivotal to the development of novel
efficient flame retardants, mainly because of its chemical
versatility: it can act in both the condensed and gas phase, as
an additive or as a reactive component, in various oxidization
states, and in synergy with numerous adjuvant elements. With
increased awareness towards nontoxic, recyclable, and bio-
based (or even sustainable) materials, phosphorus has the
potential to fulfill all the criteria for future flame retardants.
Future FRs will be increasingly tailored to the polymer type
and its application, especially for new polymers, including
biopolymers. The trend towards high-molecular-weight FRs is
apparent, and polymeric, complex, and multifunctional struc-
tures will aid in reducing flammability without a loss of
valuable properties. Furthermore, investigations into combi-
nations of P with various moieties (P-P, P-Si, P-B, etc.) and
multicomponent systems will continue to reduce FR loading
and improve FR performance. Finally, the use of renewable
resources as effective FRs will ensure a more ecologically
aware means of production, thereby increasing the longevity
of research into the field of flame retardancy.

“Molecular firefighting” demands the combined efforts of
synthetic chemistry, an understanding of FR mechanisms, and
knowledge of polymer processing. This interdisciplinary field
continues to reveal new insight into the FR mechanisms,
which we believe will drive toward a more sustainable P life-
cycle for FRs and a new era of polymeric FR materials.
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Abstract

Flame retardants (FR) are inevitable additives to many plastics. Halogenated organics are
effective FRs but are controversially discussed due to the release of toxic gases during a fire or
their persistence if landfilled. Phosphorus-containing compounds are effective alternatives to
halogenated FRs and have potential lower toxicity and degradability. In addition, nitrogen-
containing additives were reported to induce synergistic effects with phosphorus-based FRs.
However, no systematic study of the gradual variation on a single phosphorus FR containing
both P-O and P-N moieties and their comparison to the respective blends of phosphates and
phosphoramides was reported. This study developed general design principles for P-O- and
P-N-based FRs and will help to design effective FRs for various polymers. We synthesized a
library of phosphorus FRs that only differ in their P-binding pattern from each other and
studied their decomposition mechanism in epoxy resins. Systematic control over the
decomposition pathways of phosphate (P=0O(OR);), phosphoramidate (P=0O(OR).(NHR)),
phosphorodiamidate (P=O(OR)(NHR).), phosphoramide (P=O(NHR),), and their blends was
identified, for example, by reducing cis-elimination and the formation of P-N-rich char with
increasing nitrogen content in the P-binding sphere. Our FR epoxy resins can compete with
commercial FRs in most cases, but we proved that the blending of esters and amides
outperformed the single-molecule amidates/diamidates due to distinctively different

decomposition mechanisms acting synergistically when blended.
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ABSTRACT: Flame retardants (FR) are inevit:able additives to e MPOSITION MECHANISM
many plastics. Halogenated organics are effective FRs but are
controversially discussed due to the release of toxic gases during a

fire or their persistence if landfilled. Phosphorus-containing ‘ ’
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compounds are effective alternatives to halogenated FRs and have
potential lower toxicity and degradability. In addition, nitrogen-
containing additives were reported to induce synergistic effects with
phosphorus-based FRs. However, no systematic study of the gradual
variation on a single phosphorus FR containing both P—O and P—
N moieties and their comparison to the respective blends of
phosphates and phosphoramides was reported. This study
developed general design principles for P—O- and P—N-based FRs and will help to design effective FRs for various polymers.
We synthesized a library of phosphorus FRs that only differ in their P-binding pattern from each other and studied their
decomposition mechanism in epoxy resins. Systematic control over the decomposition pathways of phosphate (P—=0(OR);),
phosphoramidate (P=O(OR),(NHR)), phosphorodiamidate (P=O(OR)(NHR),), phosphoramide (P=O(NHR);), and
their blends was identified, for example, by reducing cis-elimination and the formation of P—N-rich char with increasing
nitrogen content in the P-binding sphere. Our FR epoxy resins can compete with commercial FRs in most cases, but we proved
that the blending of esters and amides outperformed the single-molecule amidates/diamidates due to distinctively different
decomposition mechanisms acting synergistically when blended.

KEYWORDS: phosphorus, flame retardants, epoxies, mechanistic study, toxicity

B INTRODUCTION of aliphatic organophosphates/-amides (1—4) with a precise

Polymers are omnipresent in our everyday life. However, their
inherent risk of fire makes the use of flame retardants (FRs)
inevitable. For this purpose, halogenated organics were used as
effective FRs, but today these are controversially debated due
to the release of toxic gases during a fire or their persistence if
discarded. Currently, organophosphates are discussed as
promising alternatives to halogenated FRs due to their effective
flame-retardant properties and potential to design nontoxic
and biodegradable FRs.'

The combination of phosphorus FRs (P-FRs) with addi-
tional nitrogen-containing additives resulted in synergistic
effects during a fire by forming phosphorus—nitrogen
intermediates or an increased charring.2 However, a systematic
study of precisely synthesized P-FRs with a variable number of
P—N bonds (such as phosphoramidates and phosphorodiami-
dates, Figure 1) has not been performed. We prepared a series

-4 ACS Publications  © 2019 American Chemical Society
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binding pattern around the central phosphorus and used them
as a FR additive in epoxy resins. Their in vitro toxicity was also
assessed and compared to commercial halogenated or other
organophosphate-based FRs. Importantly, the effects of the P-
binding pattern (1—4) have been studied during a fire scene to
understand their decomposition pathway and compared to
blends of phosphate and phosphoramide (these are 1 and 4)
on the performance during a simulated fire scenario.

These P-FRs mainly differ in their main mode of action,
which are gas and condensed phase activity. In the condensed
phase, phosphorus-containing materials exhibit FR properties
due to the enhanced formation and stabilization of carbona-
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NMR of the flame retardants in CDCl;. (c) Mass loss of the flame retardants in thermogravimetric tests; char yield increase with increasing
nitrogen content. (d) Correlation of relative amount of cis-elimination and hydrolysis in the released gases during pyrolysis GC-MS (connection

between the data points are only to guide the eye).

ceous char, which retains fuel in the condensed phase.
Additionally, an intumescent multicellular char may protect
the underlying polymer from heat, acting as a heat shield.”>
The increased charring is explained by dehydration of the
polymer and the formation of phosphoric acid derivatives,
leading to cross-linking and aromatization.® Activity in the gas
phase is mainly due to the formation of PO radicals, slowing
down the exothermic radical process in the combustion zone,
leading to a reduced combustion efficiency and therefore
reducing the heat release.”””

The phosphorus—nitrogen synergism accelerates the poly-
mer phosphorylation by increasing the in situ production of
phosphoric acid due to catalyzing cis-elimination.” The same is
true for P—N bonds, which are more reactive than P—O bonds
regarding the phosphorylation process. This retains phospho-
rus in the condensed phase and therefore promotes char
formation and stabilization.'® Furthermore, P and N react to
form thermally stable polymeric compounds in the condensed
phase.” While studies have shown the impact of nitrogen- and
phosphorus-containing FRs,'"”'” systematic studies on the
gradual variation of the phosphorus binding pattern and its
impact on the FR mechanism are rare.’ In addition, the
comparison of phosphoramidates and phosphorodiamidates

1119

produced via chemical synthesis against blending the
respective phosphate and phosphoramide, hitherto uninvesti-
gated, is presented herein. The P-FRs are synthesized and
characterized in detail on the molecular level; for example,
degradation temperature and pathway are assessed. They are
used as additive FRs in epoxy resins and are investigated in a
simulated fire scenario with state-of-the-art techniques (LOI,
UL-94, and cone calorimeter).

The knowledge about the varying decomposition mecha-
nisms for combined P—O- and P—N-based FRs will help the
future preparation of biofriendly and effective FRs for various
polymer materials since there is no universal FR design. FRs
are optimized for a special application and matrix. For this task,
it is important to know how the FR degrades to estimate
possible interactions between matrix and FRs during a fire
scenario.”

B RESULTS AND DISCUSSION

Synthesis and Design of Materials. To investigate the
influence of the P—O vs P—N ratio on FR efficiency, a
systematic library of organophosphates/-amidates is necessary.
Four P-FRs with a central phosphorus atom and three w-

DOI: 10.1021/acsapm.9b00129
ACS Appl. Polym. Mater. 2019, 1, 1118—1128
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hexenyl chains were synthesized. The organic side chains
ensure miscibility with the epoxy matrix, and the double bonds
were introduced to increase the charring performance.'*"?
Tri(hex-S-en-1-yl)phosphoramide (1), tri(hex-S-en-1-yl)-
phosphorodiamidate (2), tri(hex-S-en-1-yl)phosphoramidate
(3), and tri(hex-S-en-1-yl)phosphate (4) were synthesized
starting from POCI; via esterification with S-hexen-1-ol or
amidation with hex-S-en-1-amine (Figure 1a). The phosphor-
amide (1) and the phosphate (4) were prepared in a single
step. In contrast, the phosphorodiamidate (2) and the
phosphoramidate (3) were synthesized in two steps to
guarantee the correct binding pattern, first by esterification
followed by the amidation (the amidation as the first step may
result in multiple amidations). All P-FRs were of sufficient
purity after the synthesis without the need for additional
purification steps as proven by 'H and *P NMR spectra
(Figures S2—S13 and Figure 1b). *'P NMR spectroscopy is a
precise technique to control the correct binding pattern and
purity of the compounds: the phosphate exhibited a single
resonance at —0.67 ppm, whereas the signal shifted downfield
with increasing nitrogen content (Figure 1b). By these

1120

procedures, all P-FRs were easily available up to at least 50 g
with standard university lab equipment.

Organophosphorus compounds are currently considered as
alternatives for halogenated FRs'®'” due to their potentially
lower toxicity.'*~* To evaluate their toxicity, we tested 1—4 in
fungi and plant cells. Additionally, we used reporter gene
assays based on yeast and human cells to assess their baseline
toxicity and endocrine activities (estrogenic and antiandro-
genic). Compounds 1, 2, and 4 induced baseline toxicity
increasing in the following order (4 < 2 < 1) but were less
toxic than the halogenated commercial tetrabromo bisphenol A
(see the Supporting Information for details). While none of the
compounds were estrogenic, 3 and 4 induced some
antiandrogenic activity (4 < 3). Although the compounds
partly induced toxicity, the actual concentrations of FRs
leaching from finished products still need to be determined.

Decomposition Studies. Phosphoramides exhibit higher
thermal stability, lower volatility, and higher viscosity due to
additional h?rdrogen bonding compared to their analogue
phosphates.”’ These properties may increase the overlap of the
decomposition temperatures of both matrix and flame

DOI: 10.1021/acsapm.9b00129
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retardant. This overlap leads to higher reactivity during the
pyrolysis and an increased residue amount as a higher
phosphorus content is maintained in the condensed phase
due to interactions of the FR with the matrix and their
respective decomposition products.””*

The combination of TGA, FTIR, and pyrolysis GC-MS gave
a deeper insight into how the FRs decompose under pyrolytic
conditions.

For the pure FRs (1—4) mass loss under pyrolysis, measured
by thermogravimetric analysis (TGA, Figure 1c), proved the
gradual change of the decomposition behavior according to the
structure variation from 1 to 4; this already suggests a possible
effect on the FR mechanism during a fire. The phosphoramide
(1) proved the highest decomposition temperature (T,,,) at
317 °C, which decreased with increasing O content of the FR
to 274 °C for 2, 269 °C for 3, and 250 °C for 4. In addition,
the char yield (measured at 600 °C) decreased from 1 with 17
wt % to <1 wt % for 4, indicating a different activity of the pure
compounds in the gas and/or condensed phase. The
phosphate decomposition curve followed a typical behavior
of a vaporizing material with a clear boiling point while with
increasing nitrogen content the degradation occurs via multiple
decomposition steps over a broader temperature range. As P—
N bonds are present in the FR, they can form more stable
intermediates through a polymerization process that require
higher amounts of thermal energy to vaporize, if at all, as is
noticeable by the subsequent increase in T, and higher
amount of residue for each additional nitrogen introduced.

The FTIR spectra from the evolved gases (measured at T},
Figure S18) proved the presence of several decomposition
products, among them those that correspond to hydrolysis
products, ie., S-hexen-1-ol and hex-S-en-1-amine (after
scission of the P—O or P—N bond, respectively). The spectra
also indicated the presence of derivatives containing P=0 and
P—O moieties at 1299 and 1030 cm™" for the phosphate (4),
while we detected additional vibrations for the (NH,)—P=0
band at 1159 cm™" during the decomposition of 2 and 3. In
addition, all nitrogen-containing P-FRs exhibited C—N bands
at 1075 cm™!, P=N—C or P=N—P bands at 980 cm™}, and N—
H bands at 769 cm™". For all nitrogen-containing FRs at higher
temperatures (T > T,,) P—N bands between 1330 and
1300 cm™ and two characteristic bands for ammonia at 965
and 930 cm™' were detected, albeit shifted or overlapped with
other signals, pointing to the formation of incombustible gas
resulting in flame dilution.

Pyrolysis GC-MS supports these results and further proves
the presence of the major decomposition products. Compound
4 decomposed mainly by a cis-elimination during pyrolysis as
indicated by the high amount of 1,5-hexadiene which was
detected at a retention time of 2.6 min (Figure $29). Also, the
other P—O-containing FRs (2 and 3) released 1,5-hexadiene
during decomposition, but the amount of cis-elimination
decreased with increasing P—N content (Figure 1d). Addi-
tionally, S-hexen-1-amine and S-hexen-1-ol were detected for 2
and 3 (retention at 6.1 and 6.7 min in Figure $29).
Additionally, for 2—4, phosphoric acid derivatives at retention
times of 23.7, 24.6, and 25.8 min were identified,
corresponding to the gas-phase activity of such compounds.
Because of transesterifications during the decomposition, in
the GC elugrams of 3, also compound 4 was detected, while in
the elugram of the pyrolysis GC-MS of 2, transesterification
leads to the formation of 3 and 4. In stark contrast, during the
decomposition of 1, almost no cis-elimination occurred, and
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only little amounts of phosphoric acid derivatives were
observed, indicating the formation of nonvolatiles and thus
underlining the condensed phase activity of the phosphor-
amide. This was further supported by solid-state *'P NMR of
the char residues, which exhibited distinct signals for P—N
compounds (Figure S46).

Flame-Retardant Behavior in Epoxies. The FR perform-
ances of 1—4 and blends of 1 and 4 were studied in an epoxy
resin based on bisphenol A diglycidyl ether (DGEBA) and
2,2'-dimethyl-4,4'-methylenebis(cyclohexylamine) (DMC).
The epoxy plates were prepared by mixing DGEBA with
DMC in the presence of 10 wt % of each FR in an aluminum
mold and curing for 3 h at 150 °C (Figure 2a). As the P-NHR
bond may also act as a curing agent under certain conditions,
we performed a control experiment with 1 and phenyl glycidyl
ether at the curing conditions for the epoxy. Under the cross-
linking conditions, no ring-opening of the epoxide occurred
from the P-NHR bond (cf. Figures S14—S16), proving that 1—
3 act as additive, and not reactive, FRs. As a benchmark, the
commercially available and industrially used FR bisphenol A
diphenyl phosphate (BDP) was chosen, as it was already used
successfully in epoxy resins.” ">

Typically, additive FRs act as plasticizers of the epoxy resin
and reduce the glass transition temperature (T,). All flame-
retarded epoxy resins with 10 wt % 1, 2, 3, or 4 also exhibited
lower Tgs by 36—42 °C compared to the neat epoxy resin. 4
shows the highest decrease of T, (to 113 °C), while with
increasing amount of NH bonds an increase of the T,s was
detected, probably due to hydrogen-bonding effects (Figure
2b). Blending of 1 and 4 in a 1:2 or 2:1 molar ratio to
“simulate” the elemental composition of a phosphoramidate
(3b) and phosphorodiamidate (2b) resulted in a slightly
higher T, compared to the pure 2 and 3 was detected. For
BDP, the T, of the neat epoxy (155 °C) was reduced to
133 °C. In all cases, the aliphatic FRs 1—4 result in a higher
decrease of T, compared to the stiff aromatic BDP.**

To understand the differences of 1—4 (and 2b and 3b) on
the behavior of the loaded epoxies during combustion, we
elucidated the FR mode of actions and mechanisms. A crucial
step toward understanding the FR mechanisms is analyzing the
pyrolysis of the epoxy resins with FRs by TGA. The burning
with a stable flame is dominated by an anaerobe pyrolysis,
producing volatile fuel that is combusted in the flame. This
model suits most polymeric materials in most fire scenarios
such as ignition and developing fires and thus for all the
important fire tests for polymeric materials, such as UL 94,
LOI, and flaming combustion in the cone calorimeter.
Although the heating rate is relatively slow, thermogravimetry
under nitrogen is the best common analytical method to
investigate the pyrolysis controlling the burning of polymeric
materials.”” A lower onset temperature of the degradation for
the FR epoxies was detected compared to the neat epoxy. This
was attributed to volatilization of the FRs and is indicated by
an additional decomposition step equal to ~10 wt %. Notably,
however, the main decomposition step shifts to higher
temperatures with increasing amount of P—O bonds in the
additive. Importantly, for all FR epoxy resins, an increased char
yield was detected, which further increased slightly with
increasing P—N bonds in the FRs (Figure 2c).

While microscale experiments aid in understanding certain
aspects of a material’s fire-retardant properties, they do not
fully evaluate fire behavior on a macroscopic scale. Two
reaction-to-small-flame tests were conducted, namely limiting

DOI: 10.1021/acsapm.9b00129
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oxygen index (LOI) and the Underwriter’s 94 (UL-94) test, as
well as forced-flaming conditions via cone calorimetry. LOI
measures the lowest oxygen concentration necessary to sustain
combustion in a candle-like setup, while UL-94 measures
dripping and flame-spread behavior in vertical and horizontal
positions.

The pure epoxy resin exhibited an oxygen index (OI) of OI
18.7 vol %, proving the inherent flammability of these
materials. When a FR was incorporated, the OI increased to
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approximately OI = 23—24 vol %, corresponding to a relative
increase of ca. 22—28%. The addition of any of the tested FRs
increased the OI and slowed down the flame spread and
thereby reduced the fire hazard. However, the differences
between all tested materials are minimal, mostly due to the
relatively low FR loading (10 wt %) and low P content of a
sample (~1% P in each resin). The P-FRs performed on an
equal level to the benchmark epoxy resin with BDP, indicating
that the burning behavior in OI tests can only be altered with
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higher loading/higher P content in order attain OI > 27-29
vol %. This is needed to fulfill the demands of diverse flame-
retardancy requirements.'* A similar behavior was obtained
from UL-94 tests, where the benchmark BDP-loaded epoxy
resin failed vertical tests and only achieved an HB rating in
horizontal tests (lowest rating before not passing) due to the
high flammability of epoxy resins. The herein-prepared resins
with P-FRs achieved the same rating, although not all FRs
managed to reduce the horizontal burn speed; most noticeably,
the resin with phosphoramide (1) was barely within the
margin of error of passing HB classification. In all UL-94 tests,
the strong formation of char was visible for the prepared resins
with P-FRs, yet the increase of viscosity of the epoxy resin
resulted in the protective char dripping away from the sample.
These results illustrate that at 10 wt % loading the FRs cannot
stop vertical flame spread due to melt dripping although a
strong char formation is visible. Similar to LOI, better
classification can be achieved with higher FR loading or
higher P content of the sample.

Cone calorimetry measurements proved a significant effect
of all P-FRs on epoxy resins during a simulated fire scenario.
The epoxy plates (10 X 10 X 0.4 cm®) were irradiated with a
heat flux of 50 kW m™ at a distance of 35 mm, simulating a
developing fire.”® The results of the forced-flaming condition
experiments underlined that the epoxy resin burned with a
high heat release rate (HRR) and lost 99.3 wt % of its mass,
presenting nearly no residue (Figure 3d). All flame-retarded
resins exhibited a clear reduction of peak or heat release rate
(PHRR), an increase in residue yield, a lowering of the total
heat evolved (THE = total heat released (THR) at flame out),
and a reduction of fire growth rate (FIGRA = maximum
(HRR/t)) (Figure 3b,c and Table S4). The epoxy resin loaded
with the phosphate (4) demonstrated the lowest PHRR
(855 kW m™, reduced by 48%) and THE (78.1 MJ m™?
reduced by 28%) and displayed a HRR curve corresponding to
a charring material with a protective layer. This behavior was
clearly visible during the experiments as well as in the cross
sections of the residues, as the decomposition of the resin with
4 and the volatilization of its products acted as blowing agents,
creating a voluminous intumescent char that shielded the
underlying material from the heat source. With increasing P—
N content of the FR, a lower reduction of PHRR and THE was
detected. 1, 2, and 3 showed a small plateau at ¢t = 60 s, but the
lack of blowing agent created a char layer, which was unable to
shield the underlying material, leading to additional decom-
position of the epoxy and thus a higher PHRR. Epoxy resins
with 1 as the additive even had a higher PHRR (1832 kW m™?)
than the neat epoxy resin (1696 kW m™2). However, the
residue yields of epoxy resins loaded with 1 (8.4 wt %) was in a
similar range as the best performing epoxy loaded with 4 (9.2
wt %).

All flame-retarded epoxy resins revealed an increase in
residue yield compared to the epoxy resin without FRs. In
pyrolysis investigations, TGA experiments of the pure FRs
demonstrated that 1 presented a large amount of residue while
4 hardly left any. The increase in residue was proportional to
the increase in P—N bonds, i.e.,, 4 < 3 < 2 < 1. In forced
flaming conditions, this trend was not clearly visible. However,
as has been proven in previous experiments,” the residue
yields of pure FRs in TGA experiments do not necessarily
correlate with the residue yields of flame-retarded resins.
Specifically, the interactions between FR and matrix govern the
residue yield. For the flame-retarded epoxy resins, although
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residue yields were in the order 4 > 2 > 1 > 3, the increased
residue amount for resins with 4 can be explained by the
formation of a protective layer which reduces the mass transfer
of combustible material into the flame zone and shields
underlying material from thermal radiation. For the nitrogen-
containing compounds, the previously noted trend was also
seen, especially given the margin of error for resins with 2,
illustrating that residue yields increase with increasing nitrogen
content in the binding sphere of phosphorus.

The effective heat of combustion (EHC) is the quotient of
the total heat evolved and the total mass loss; therefore, it is a
ratio between these two values. In cone calorimetry experi-
ments, the EHC relates to flame dilution and flame inhibition,
and a reduction in EHC is a parameter for the gas phase
activity of a FR.*® The phosphate (4) displayed a reduction in
EHC of ~20%, from 29.6 MJ kg™' for the epoxy resin to
21.6 MJ kg™! for the resin with 4, which points to gas phase
activity of the FR (Figure 4b). Noticeably, this effect is
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Figure 4. (a) Phosphorus content determined by elemental analysis
from the residues after cone calorimeter tests (blue bars). Calculated
amount of phosphorus in the gas phase (red bars). (b) Comparison of
effective heat of combustion (EHC) of epoxy resins with and without
FRs. The numbers above the bars represent the relative change to the
non-flame-retarded epoxy resin.

minimized if P—N bonds were installed into the FR, as 1, 2,
and 3 reduced the EHC only by ca. 4—5%, indicating that the
gas phase activity of the synthesized P-FRs decreased with the
presence of nitrogen in the chemical structure. Although
residue yields of resins with 1, 2, 3, and 4 are within the same
range (ca. 8—10 wt % mass loss), the ratios between the THEs
and total mass loss changed. This change resulted from flame
dilution and flame inhibition effects which affect THE. The
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Scheme 1. Scheme of Proposed Decomposition and Reaction Pathways of P—O- and P—N-Containing Phosphorus Flame
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blended FRs (2b and 3b) were also tested in epoxy resins, and
the results were compared to resins with 2 and 3. The results
show that the blended FRs achieved higher residue yields a
lower PHRR, decreased THE, and a lower EHC than resins
with only 2 or 3. In fact, the PHRR of the resins with 2b or 3b
are comparable to the resins loaded with 4 which showed the
strongest reduction of this value compared to the epoxy resin.
Resins with 3b had a 15% lower PHRR than resins with 3,
while resins with 2b or 3b demonstrated 8% or 11% lower
THE values and residue yields 47% or 49% higher than resins
with only 2 or 3, respectively. Consequently, the EHCs of
resins with 2b or 3b are 4% or 7% lower than resins with 2 or
3, respectively. Noticeably, the fire growth rate (FIGRA) of
resins with 2b are 20% lower than resins with 2. These results
clearly demonstrate that the presence of two types of P-FRs in
epoxy resins increases FR efficacy compared to a single P-FR
with the same O:N ratio. In the case of 2 and 3, the P—N
linkages retain the phosphorus in the condensed phase,
forming char during decomposition (Scheme 1, right path-
way). This retention of P in the char reduces flame inhibition
as P retention in the condensed phase competes with P release
in the gas phase.”

The residues after cone calorimeter tests were analyzed for
their phosphorus content via elemental analysis, indicating the
largest amount of P (80%) in the condensed phase for resins
loaded with 1 (Figure 4a). The difference in gas and
condensed phase activity is explained by the different
decomposition mechanisms as discussed previously.
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In epoxy resins, the phosphate (4) readily forms phosphoric
acid via cis-elimination and creates networks with aromatic
char in the condensed phase and is present at the main
decomposition step due to incorporation into the decompos-
ing matrix via esterification (Scheme 1). In contrast, the
phosphoramide (1) was hydrolyzed under these conditions.
However, 1 also generated polymeric compounds containing
phosphazene or phosphorus oxynitride components in the
condensed phase, as indicated by solid-state NMR (Figure
$46), leading to an increased residue and high P content in the
char. The phosphoramidate (3) and phosphorodiamidate (2),
containing both P—O and P—N bonds, exhibit both
decomposition mechanisms with decreasing cis-elimination
when the P—N content increases and transesterification
(compare the pyrolysis GC-MS data).

The effect of combining phosphate and amide led to
synergistic flame-retardant effects, which were not observed for
the combination of P—O and P—N in a single FR additive. The
exchange of P—O bonds with P—N bonds reduced the
effectiveness of one mechanism but did not sufliciently
promote the other. This conclusion was exemplified in the
amount of residue in cone calorimeter tests as well as the P
content of the residue (Figure 4a): the residue amounts in
epoxy resins were ordered 4 > 2 > 1 > 3 (i.e, 9.2% > 5.0% >
8.4% > 7.6%) and 2b > 3b > 4 > 1 (ice,, 13.4% > 11.3% > 9.2%
> 8.4%) for the blended materials, showing an increase in
residue for the blended FRs. As for P content in the condensed
phase, the amidate (3) and diamidate (2) showed lower
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Figure S. TG-FTIR spectra of the first decomposition step of flame-retarded epoxy resins.

amounts of P in their residues (49% and 45%, respectively)
than the blended FRs 3b and 2b (61% and 56%, respectively).

The FTIR spectra of the evolved gases during the first
decomposition step (Figure S5) showed that the FRs
decompose above 200 °C, and some decomposition products
enter the gas phase, which is a typical behavior for low
molecular weight FRs.”* Looking at the main decomposition
step at around 360 °C (Figure S21), TG-FTIR showed the
DGEBA-DMC decomposition pattern,”’ pointing to the
degradation of the resin matrix. An exception was the epoxy
resin with 4, where the phosphate still displayed characteristic
bands during the main decomposition step, implying the
presence of phosphate beyond the FR’s boiling point. This
phenomenon was caused by the reaction between matrix and
phosphate (Scheme 1), as the phosphate was more likely to
produce phosphoric acid than the nitrogen-containing counter-
parts due to the difference in bond dissociation energies,
leading to incorporation of phosphates into the polymer matrix
by transesterification.

Hot stage FTIR spectra (Figure S27) of the condensed
phase at various temperatures implied the presence of
phosphorus species in the residue (Table S3). All resins
containing FRs exhibited bands corresponding to various
phosphorus species at 600 °C, i.e., at end of the test. These
bands were not detected in the epoxy resin, indicating
condensed phase activity for all tested FRs. For 4, the presence
of medium intensity bands at 1181 cm™, corresponding to C—
O stretching vibration of phenols, and at 828 cm™,
corresponding to C—H bonds of aromatic rings, point to the
formation of substituted aromatic compounds in the
condensed phase. The band was strongest for 4, which points
to the ability of the phosphate to bind hydroxyl-functionalized
aromatic rings during the decomposition of the matrix into the
condensed phase. In contrast, all nitrogen-containing FRs (1—
3) demonstrated a medium intensity band at 1398 cm™, which
corresponds to P—=N—P or P—N—Ph vibrations, which are
probably attributed to polyphosphazenes or phosphor oxy-
nitride in the condensed phase, as underlined by a higher
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amount of residue after the TGA experiments for N-containing
FRs.

B CONCLUSION

A systematic library of phosphorus-containing flame-retardant
(FR) additives (1—4) with precisely adjusted P/N/O ratio
were synthesized. Compounds 1—4 were less toxic than their
halogenated counterpart for most end points, and compounds
2 and 4 represented the best alternatives. With this library, the
decomposition pathway of the FRs in an epoxy resin during
combustion was controlled.

By a combination of different techniques, we were able to
elucidate the degradation mechanism of the different P-FRs
and proved a gradual change of the decomposition depending
on the chemical structure. In a simulated fire scenario, the
phosphate (4) exhibited the highest efficiency in epoxy resins
and was active in both the gas and the condensed phase
effectively. The gas phase activity was explained by the
predominant cis-elimination mechanism during the combus-
tion (from pyrolysis GC-MS). With an exchange of P—O
bonds with P—N bonds, the amount of cis-elimination
decreased and hydrolysis increased as a decomposition
pathway. The amide (1) with three P—N bonds proved the
highest condensed phase activity of the investigated structures
due to cleavage of the P—N bonds during the combustion.
This also resulted in the lowest FR performance of 1. Notably,
the blends of phosphate and phosphoramide (2b and 3b)
outperformed the pure 2 and 3. We believe this is an effect of
combining different decomposition mechanisms, which leads
to synergistic flame retardancy. These findings will further
contribute to the development of systematic libraries of P-
based FRs with low toxicity and high efficiency.

B EXPERIMENTAL SECTION

Tri(hex-5-en-1-yl)phosphate (4). To a dried three-necked, 2 L
round-bottom flask fitted with a dropping funnel, S-hexen-1-ol (274.2
mL, 2.28 mol, 3.5 equiv) and triethylamine (318.6 mL, 2.28 mol, 3.5
equiv) were added under an argon atmosphere in dry dichloro-
methane (500 mL). Then phosphoryl chloride (60.6 mL, 0.65 mol,
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1.0 equiv) dissolved in dry dichloromethane (50 mL) was added
dropwise to the solution, keeping the temperature at 0 °C. The
reaction was allowed to stir overnight at room temperature and was
then filtered. Afterward, the crude mixture was concentrated at
reduced pressure, dissolved in toluene and then filtered to remove
most of the ammonium salt byproduct. Then, the crude product was
washed with 10% aqueous hydrochloric acid solution, a saturated
solution of calcium carbonate, and brine. The organic layer was dried
over anhydrous sodium sulfate, filtered, and dried in vacuo.

For the biological tests the compound 4 was purified by
chromatography over neutral alumina oxide using diethyl ether as
eluent to give a clear, slight yellow oil (yield: 95%). The purity and
chemical structure were determined by 'H NMR, *C {H} NMR, and
3P {H} NMR spectroscopy as well as electrospray ionization mass
spectrometry (ESI-MS).

'H NMR (300 MHz, chloroform-d, §): 5.83—5.70 (m, 3H, e),
5.02—4.93 (m, 6H, f), 4.02 (q, 6H, a), 2.10—2.03 (td, 6H, d), 1.68 (tt,
6H, b), 1.46 (tt, 6H, c). 3'P {H} NMR (121 MHz, chloroform-d, 6):
—0.67 (s, 1P, 1). *C {H} NMR (75 MHz, chloroform-d, §): 138.17
(s, 3C, e), 114.85 (s, 3C, ), 67.38 (d, 3C, a), 33.11 (s, 3C, d), 29.60
(d, 3C, b), 24.67 (s, 3C, c). ESI-MS: 345.21 [M + H]" (calculated M
+: 344.21).

Tri(hex-5-en-1-yl)phosphoramide (1). To a dried three-necked,
2 L round-bottom flask fitted with a dropping funnel, hex-5-en-1-
amine (286.2 mL, 2.28 mol, 3.5 equiv) and triethylamine (318.6 mL,
2.28 mol, 3.5 equiv) were added under an argon atmosphere in dry
dichloromethane (500 mL). Then, phosphoryl chloride (60.6 mL,
0.65 mol, 1.0 equiv) dissolved in dry dichloromethane (50 mL) was
added dropwise to the solution, keeping the temperature at 0 °C. The
reaction was allowed to stir overnight at room temperature and was
then filtered. Afterward, the crude mixture was concentrated at
reduced pressure and then filtered for the second time. The crude
product was redissolved in diethyl ether (200 mL) and stored
overnight at —20 °C. The solution was filtered again to remove the
triethylamine hydrochloride completely. The crude product was
washed with 10% aqueous hydrochloric acid solution, a saturated
solution of calcium carbonate, and brine. The organic layer was dried
over anhydrous sodium sulfate, filtered, and dried in vacuo.

For the biological tests the compound 1 was purified by
chromatography over silica using DCM and methanol (9:1) as eluent
to give a clear, slight yellow oil (yield: 92%). The purity and chemical
structure were determined by "H NMR, 3C {H} NMR, and *'P {H}
NMR spectroscopy as well as electrospray ionization mass
spectrometry (ESI-MS).

'H NMR (300 MHz, chloroform-d, §): 5.81—5.68 (m, 3H, e),
4.98—4.89 (m, 6H, f), 2.85 (quint, 6H, a), 2.36—2.29 (q, 3H, g),
2.05—1.98 (td, 6H, d), 1.48—1.34 (m, 12H, b, ¢). *'P {H} NMR (121
MHz, chloroform-d, §): 16.67 (s, 1P, 1). 3C {H} NMR (75 MHz,
chloroform-d, 8): 138.50 (s, 3C, e), 114.67 (s, 3C, ), 41.09 (s, 3C, a),
3339 (s, 3C, d), 31.69 (d, 3C, b), 26.09 (s, 3C, c). ESI-MS: 342.24
[M + H]%, 683.44 [2M + H]") (calculated: 341.26).

Hex-5-en-1-yl Phosphorodichloridate. To a dried three-
necked, 250 mL round-bottom flask fitted with a dropping funnel,
phosphoryl chloride (18.7 mL, 205.00 mmol, 10.0 equiv) was added
under an argon atmosphere in dry toluene (S0 mL). Then
triethylamine (2.8 mL, 20.50 mmol, 1.0 equiv) and S-hexen-1-ol
(2.5 mL, 20.50 mmol, 1.0 equiv) dissolved in dry toluene (5 mL)
were added dropwise to the solution, keeping the temperature at 0 °C.
The reaction was stirred 1 h at room temperature. Afterward, the
crude product was concentrated at reduced pressure and filtered to
remove the triethylammonium chloride. Then, all byproducts and
starting material were removed under reduced pressure (RT, 5 X 107
mbar). The product was used without any further purification.

Di(hex-5-en-1-yl)phosphorochloridate. To a dried three-
necked 250 mL round-bottom flask fitted with a dropping funnel,
phosphoryl chloride (8.1 mL, 88.89 mmol, 1.0 equiv) was added
under an argon atmosphere in dry toluene (80 mL). Then
triethylamine (22.2 mL, 160.00 mmol, 1.8 equiv) and S-hexen-1-ol
(19.2 mL, 160.00 mmol, 1.8 equiv) dissolved in dry toluene (20 mL)
were dropwise to the solution, keeping the temperature at 0 °C. The
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reaction was allowed to stir overnight at room temperature and was
then filtered. Afterward, the crude mixture was concentrated at
reduced pressure.

The compound was purified by distillation (90 °C, <10™! mbar 30
min; 110 °C, <10™" mbar 15—20 min) to give a clear, slight yellow oil
(yield: 82%). The purity and chemical structure were determined by
'"H NMR and *'P {H} NMR spectroscopy.

'H NMR (300 MHz, chloroform-d, §): 5.78—5.65 (m, 2H, e),
4.98—4.89 (m, 4H, f), 4.21-1.09 (m, 4H, a), 2.02 (td, 4H, d), 1.69
(tt, 4H, b), 1.45 (tt, 4H, ¢). P {H} NMR (121 MHz, chloroform-d,
8): 473 (s, 1P, 1).

Tri(hex-5-en-1-yl)phosphorodiamidate (2). To a dried three-
necked 250 mL round-bottom flask fitted with a dropping funnel, hex-
S-en-1-yl phosphorodichloridate (4.5 g, 20.50 mmol, 1.0 equiv) was
added under an argon atmosphere in dry toluene (50 mL). Then hex-
S-en-1-amine (5.4 mL, 43.05 mmol, 2.1 equiv) and triethylamine (6.0
mL, 43.05 mmol, 2.1 equiv) were added dropwise to the solution,
keeping the temperature at 0 °C. The reaction was allowed to stir
overnight at room temperature and was then filtered. The crude
mixture was concentrated at reduced pressure, and the crude product
was dissolved in diethyl ether to wash it with 10% aqueous
hydrochloric acid solution, a saturated solution of calcium carbonate,
and brine. The organic layer was dried over anhydrous sodium sulfate,
filtered, and concentrated on the rotary evaporator.

For the biological tests the compound 2 was purified by
chromatography over silica using ethyl acetate, petroleum ether, and
methanol (9:1:0.1) as eluent to give a clear, slight yellow oil (yield:
95%). The purity and chemical structure were determined by 'H
NMR, BC {H} NMR, and P {H} NMR spectroscopy as well as
electrospray ionization mass spectrometry (ESI-MS).

'H NMR (300 MHz, chloroform-d, §): 5.76—5.63 (m, 3H, f, 1),
4.94—4.84 (m, 6H, g, m), 3.83 (q, 2H, h), 2.78 (q, 4H, b), 2.61 (br,
2H, a), 1.98 (m, 6H, e, k), 1.57 (m, 2H, (i), 1.44—1.29 (m, 6H, c, d,
j)- 3P {H} NMR (121 MHz, chloroform-d, §): 15.81 (s, 1P, 1). *C
{H} NMR (75 MHz, chloroform-d, §): 138.44 (s, 2C, f), 138.36 (s,
C, 1), 114.73 (s, C, m), 114.65 (s, 2C, g), 64.61 (d, C, h), 41.01 (s,
2C, b), 33.32 (s, 2C, e), 33.25 (s, C, k), 31.43 (d, 2C, c), 29.99 (4, C,
(i), 25.96 (s, 2C, d), 24.97 (s, C, j). ESI-MS m/z: 343.24 [M + HJ",
685.42 [2M + H]* (calculated: 342.24).

Tri(hex-5-en-1-yl)phosphoramidate (3). To a dried three-
necked 250 mL round-bottom flask fitted with a dropping funnel,
di(hex-S-en-1-yl)phosphorochloridate (25.0 g, 88.9 mmol, 1.0 equiv)
was added under an argon atmosphere in dry toluene (80 mL). Then
triethylamine (13.6 mL, 97.78 mmol, 1.1 equiv) and 1-hexene-S-
amine (12.3 mL, 97.78 mmol, 1.1 equiv) were added dropwise to the
solution at room temperature. The reaction was stirred overnight and
filtered. The crude mixture was concentrated at reduced pressure, and
the crude product was dissolved in diethyl ether to wash it with 10%
aqueous hydrochloric acid solution, a saturated solution of calcium
carbonate, and brine. The organic layer was dried over anhydrous
sodium sulfate, filtered, and dried in vacuo.

For the biological tests the compound was purified by
chromatography over silica using ethyl acetate and petroleum ether
(6:4) as an eluent to give a clear, slight yellow oil (yield: 63%). The
purity and chemical structure were determined by 'H NMR, "*C {H}
NMR, and *'P {H} NMR spectroscopy.

'H NMR (300 MHz, chloroform-d, §): 5.83—5.69 (m, 3H, e, 1),
5.01—-4.91 (m, 6H, f, m), 3.95 (m, 4H, a), 2.70 (br, H, g), 2.85 (br,
2H, h), 2.04 (td, 6H, d, k), 1.66 (m, 4H, b), 1.50—1.35 (m, 8H, ¢, i, j).
3P {H} NMR (121 MHz, chloroform-d, §): 9.48 (s, 1P, 1). 1*C {H}
NMR (75 MHz, chloroform-d, 5): 138.47 (s, C, 1), 138.41 (s, 2C, e),
114.87 (s, 2C, £), 114.81 (s, C, m), 66.06 (d, 2C, a), 41.33 (s, C, h),
33.37 (s, C, k), 33.29 (s, 2C, d), 31.21 (d, C, (i), 29.90 (d, 2C, b),
25.92 (s, C, j), 2495 (s, 2C; c). ASAP-MS m/z: 689.2 (2M + H)
(calculated: 344.21).
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Experimental Procedures
Materials
All chemicals were purchased from commercial suppliers as reagent grade and used without further

purification.

DSC

Differential scanning calorimetry measurements were performed using a Netzsch 204 F1 “Phoenix”
differential scanning calorimeter (DSC) (Netzsch Instruments, Selb, Germany), using 5 mg sample and
three heating and two cooling runs at 10 K min™! from -80 to 180 °C. The data was evaluated as an average
of the 2" and 3™ heating run, if p < 5%.

For Differential Scanning Calorimetry (DSC), a Mettler Toledo DSC 823¢ was used. With a heating and
cooling rate of 10 K min'! three measurements of heating, cooling and heating were performed. The

measurements were done in a nitrogen atmosphere with a flow rate of 30 mL min-!.

TGA
For the thermogravimetric analysis (TGA) of the neat flame retardants, a Mettler Toledo TGA/DSC 3+
in a nitrogen atmosphere was used. Using 10 mg of the sample, the measurements were performed in a

range from 25 °C to 600 °C with a heating rate of 10 K min-!.

ESI-MS
Electrospray ionization mass spectrometry (ESI-MS) was performed on a Q-Tof Ultima 3 from Waters
Micromass, Milford, Massachusetts. 1 mg of the sample was dissolved in 1 ml of THF. The prepared

solution was injected into the ionization chamber of the ESI-MS instrument at 120 °C.

TG-FTIR

Both decomposition and evolved gases were investigated under pyrolytic and thermo-oxidative
conditions via Fourier transform infrared (FTIR) spectroscopy coupled with thermogravimetric analysis.
For epoxy resins with and without FRs, 10 mg of powder attained from cryomilling were used for
measurements, while 5 mg samples were measured for pure FRs. Using a TG 209 F1 Iris (Netzsch
Instruments, Selb, Germany), samples were heated at a rate of 10 K min! from 30 to 900 °C under a
nitrogen or synthetic air (80:20) gas flow of 30 ml min-!. The evolved gases were analyzed using a
Tensor27 infrared spectrometer (Bruker Optics, Ettlingen, Germany), which was coupled to the TG via a

transfer line heated to 270 °C.
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Pyrolysis—Gas Chromatography-Mass Spectrometry (Py-GC-MS)

Py-GC-MS measurements were conducted as follows: a micro-furnace double-shot pyrolyzer
(PY3030iD, Frontier Laboratories, Japan) was connected via a split-/splitless inlet port to a gas
chromatograph (7890B, Agilent Technologies, USA) combined with a mass selective detector (5977B,
Agilent Technologies, USA). The EI ionization energy of the MSD was 70 eV, the scan range was 15—
550 amu. 300 pg samples were inserted by gravimetric fall into the pyrolysis zone at 500 °C and
pyrolyzed in a helium atmosphere. The evolved pyrolysis products were separated with an Ultra Alloy
+-5 capillary column (1= 30 m, iD = 0.25 mm, film thickness = 0.25 um) with a helium flow of 1 ml min-
I. The column temperature was kept at 40 °C for 2 min and increased at a rate of 10 °C min™! to 300 °C
where it was held for 10 min. The temperature of the GC injector was 300 °C and it was operated in a

split mode of 1:300. Peak assignments were made with the help of the NIST14 MS library.

Gas Chromatography-Mass Spectrometry (GC-MS)
GC-MS measurement was conducted on Shimadzu GC-2010 plus gas chromatography and QP2010 ultra

mass spectrometer with fused silica column (122-5532, DB-5MS) and flame ionization detector.

PCFC

The heat release capacity, total heat released, and heat of combustion of the volatiles were determined
using pyrolysis combustion flow calorimetry (PCFC) using a microscale combustion calorimeter (MCC)
(Fire Testing Technologies Ltd., East Grinstead, UK). 5 mg powdered samples were pyrolyzed from 150
to 750°C and combusted at 900°C at a heating rate of 1 K s! under a total gas flow of 100 ml min-!' (80

ml min! nitrogen, 20 ml min'! oxygen).

Hot Stage FTIR

The condensed phase activity was monitored using hot-stage FT-infrared spectroscopy using a Vertex70
FTIR spectrometer (Bruker Optics, Ettlingen, Germany), equipped with an FTIR600 Linkam hot-stage
cell (Linkam Scientific Instruments Ltd., Chilworth, UK). The samples were pressed into a KBr plate,
loaded into the Linkam cell, and heated at a rate of 10 K min-! from 30 to 600 °C under a nitrogen gas

flow of 300 ml min'.
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UL-94, LOI

Two separate tests, namely Underwriter’s Laboratory 94 (UL-94) and limiting oxygen index (LOI), were
performed to determine and characterize the flammability in terms of the flame retarded resins’ reaction-
to-small-flames. UL-94 was performed in accordance with the standard DIN EN 60695-11-10 in
horizontal and vertical orientation. LOI was performed according to DIN EN ISO 4589-2. All samples

were conditioned at 23°C and 50% relative humidity for at least 80 hours.

Cone Calorimeter

All epoxy resin samples were subjected to bench-scale forced flaming combustion using a cone
calorimeter (Fire Testing Technology Ltd., East Grinstead, UK) at a distance of 35 mm between specimen
and cone heater and a heat flux of 50 kW m and in accordance with ISO 5660. Specimens sized 100 x
100 x 4 mm? were conditioned at 23°C and 50% relative humidity for at least 48 hours and then subjected

to irradiation.

Residue morphology

The fire residue surfaces and core interiors were examined via scanning electron microscopy (SEM) using
a Zeiss EVO MA10 (Zeiss, Oberkochen, Germany) with an acceleration voltage of 10 kV. Prior to the
investigation, the residues were sputtered with gold to reduce the degradation of the images due to sample

charging.

NMR

Nuclear magnetic resonance (NMR) analysis, 'H, 3'P {Hb and 3C {H} NMR spectra were recorded with
Bruker Avance spectrometers operating with 250, 300, 500 and 700 MHz frequencies in deuterated
chloroform, deuterated dimethyl sulfoxide or deuterated N,N-dimethylformamide as a solvent. The

calibration of the spectra was done against the solvent signal. The spectra were analyzed using

MestReNova 9 from Mestrelab Research S.L.

Solid-state NMR
3P CP/MAS NMR measurements were performed with a standard 4 mm magic angle spinning MAS

double resonance probe head at 121.5 MHz Larmor frequency.

Sample preparation

All epoxy resins were prepared using bisphenol A diglycidylether (DGEBA) (Araldite MY 740, Bodo
Moller Chemie GmbH, Offenbach am Main, Germany) as the epoxide agent and 2,2’-dimethyl-4,4’-
methylene-bis-(cyclohexylamine) (DMC) (Sigma Aldrich Co. LLC/ Merck KgaA, Darmstadt, Germany)
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as the amine hardener. The materials were mixed, poured into aluminum molds of desired dimensions,
then hardened at 150°C for 3h. The flame retarded epoxy resins were produced in the same manner, except

10 wt.-% of the mixture was replaced with the respective flame retardant.

Baseline toxicity — microtox assay

In the Microtox assay, the potential of compounds to inhibit the bioluminescence of Aliivibrio fischeri is
determined by observations of e.g. the bacteria’s metabolism or growth. The assay was performed
according to the International Organization for Standardization (ISO 11348-3, 2007)(ISO 2017) modified
to a 96-well plate format as previously described by Escher et al. and Volker et al.!:2 Stock solutions were
prepared in dimethyl sulfoxide (DMSO) and further diluted in the assay to concentrations ranging from
0.02 to 3.00 mM (<1 % DMSO v/v). All compounds were tested in five independent experiments with
two technical replicates each. We used GraphPad Prism 5.0 (GraphPad Software, San Diego, CA) for
nonlinear regressions (four-parameter logistic function) to calculate the concentration inducing 20 %

luminescence inhibition (ECy).

Endocrine activity — yeast-based reporter-gene assays

In order to investigate whether compounds influence the endocrine system, we tested their relative
agonistic activity at the human estrogen receptor o’ and antagonistic activity at the human androgen
receptor* as previously described with minor modifications regarding the measurement of the reporter
gene activity.> ® In brief, we determined the reporter gene activity at 540 nm 40 min after adding 50 ul
lacZ buffer (supplemented with 50 % w/v 4-methylumbelliferyl-beta-D-glucuronide and 15.4 % w/nv
dithiothreitol) to 30 pl sample solution. Depending on the compound’s cytotoxicity, concentrations
ranging from 0.8 nm to 3 mM were tested. Each assay was repeated three to six times resulting in 24 to
48 replicates. Data analysis was performed using GraphPad Prism 5.0. Estrogenic and antiandrogenic
activities were normalized to the pooled negative and solvent controls (0%) and the maximal assay
response induced by the references compounds 17(3-estradiol and flutamide, respectively. Relative
activities at highest noncytotoxic concentrations are given. If possible, dose-response relationships and
respective EC,( values were calculated using a four-parameter logistic function, constrained to a bottom

level of zero.

Bacterial and fungal strains

The strains of Bacillus subtilis subsp. spizizenii (ATCC 6633) and Staphylococcus aureus (ATCC 11632)
were cultivated at NB (Difco™ Nutrition Broth, BD, France) at 37°C. All fungal strains (Candida
albicans, ATCC 90028; Rhizomucor miehei, Ti 284; Penicillium notatum, IBWF gGmbH and
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Paecilomyces variotii, ETH 114646) were cultured on YMG (4 g/L yeast extract, 10 g/L malt extract,
4 g/L glucose, pH 5.5) at 27°C or 37°C, respectively.

Pyricularia oryzae’ and Botrytis cinerea 8 were cultured on CM? and malt medium (20 g/L malt extract,
pH 5.5) at 27°C for 3 to 4 weeks, respectively.

HeLa-S3 (DSMZ ACC 161) were grown as described previously by Schiiffler et al.!0

Antibacterial and Antifungal Assays

The disk diffusion method was performed to determine the antibacterial and antifungal properties of the
chemical compounds. It was mainly based on published methods.!!13 All agar plates were prepared in 90
mm sterile Petri dishes (PS Sarstedt, 82.1472 Germany) with 20 mL of agar (Difco™ Nutrition Broth,
BD, France for bacteria and Difco™ potato dextrose Broth, BD, France for fungi). The bacterial inoculum
suspension was diluted in the liquid agar media at 45°C. The inoculated medium was poured into the Petri
dishes. For fungi, a spore solution was added to the liquid agar medium at 45°C. The mixture was also
poured into Petri dishes. The plates were stored at 4°C until further use. Sterilized assay paper disks (MN
827, #484000; 6.0 mm in diameter, Macherey-Nagel, Germany) were soaked with 10 and 50 pg of the
compound solved in DMSO and placed on inoculated plates. The plates were incubated at 37°C overnight
for bacteria and at 27°C for 48 h for fungi, respectively. Afterward, the diameters of inhibition zones were
measured. As a control, standard antibiotics (50 pg streptomycin for bacteria or 50 pg hygromycin B for
fungi), as well as pure DMSO, were included. Each assay was performed thrice. Pyricularia oryzae was
used for the spore germination test as previously published by Kettering et al. (2005).'* The method was
slightly adapted for the spore germination assay of Botrytis cinerea.® The cytotoxicity was analyzed as
described previously.!> Phytotoxicity was tested with Setaria italic and Lepidium sativum with minor
alterations.!'® The tested compounds were prepared in aliquots of 10, 20 and 50 pg per 48-well solved in
DMSO. The plates were freeze-dried afterward to remove the solvent. To each well 12 seeds and 200 pL
H,0 were added. Afterward, the plates were incubated in a plant humidity chamber for 5 to 7 days. As a

control 5% H;PO, was added to the water poured onto the seeds. All tests were prepared as triplicates.
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Additional: Results and Discussion

In vitro bioassays

We compared the in vitro toxicity of the compound 1-4 with tributyl phosphate (TBP) and halogenated
tetrabromo bisphenol A (TBBPA). We investigated the compounds’ baseline toxicity as well as their
estrogenic and antiandrogenic activities. In concentrations of up to 3 mM, FRs 1-4 showed baseline
toxicity in a concentration-dependent manner (Figure S20). However, TBBPA was the most potent in
inhibiting bacteria luminescence followed by 1, 2 and TBP (Table S1). Compared to that, 4 and 3 were
less toxic. We observed an interesting structure-toxicity relationship: The luminescence inhibition
induced by the phosphoramides increases with the number of P-N bonds.

Three of the alternative FRs showed a relative antiandrogenic activity of up to 40.59% (4). Here, we
observed the opposite pattern as for the baseline toxicity: 4 and 3 induced a higher effect (Table S1) as
the FRs with more P-N bonds, TBP was the most potent antiandrogen. None of the alternative FRs
activated the estrogen receptor in the tested concentrations. TBBPA induced a slight estrogenic activity
of 6.01% at 3.1 uM, the highest noncytotoxic concentration.

In conclusion, the alternative FRs induced both a certain baseline toxicity and antiandrogenic effects at

the investigated concentrations but 2 and 4 represent a good alternative for their halogenated counterparts.

Biological activities in fungi, bacteria, hela, and plant cells

In the agar diffusion assay, only TBBPA and 3 inhibited the germination of P. oryzae at 5 pg/mL and 50
pg/mL when dissolved in DMSO. 3, when dissolved in water also inhibited the rice blast pathogen at
10 pg/mL. Furthermore, we were able to detect a cytotoxic activity of TBBPA, 1, 3 and 4 of 50%, 25%,
75% and 100% cell death when 50 pg/mL of the compounds were added, respectively. The cytotoxicity
effects were interestingly not detectable when the compounds were solved in DMSO. No phytotoxic effect
of all tested compounds (50 pg per disc) was observed against Setaria italica and Lepidium sativum,
regardless of the used solvent.

The toxic effects of TBBPA were already discussed and investigated during the last decade.!”!® The
degradation of brominated flame retardants by microorganisms was assayed in recent years.?% 2! In our
study, we determined whether brominated flame retardants show a higher toxicity on a wide range of
microorganisms and plants as well as a cytotoxic effect than the herein developed phosphorus flame
retardants. Especially the fungicidal effect on Pyricularia oryzae was perspicuously lower for 1, 2 and 4

than for TBBPA.
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Additional data:
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Figure S2. 3C {H}-NMR (75 MHz in CDClI; at 298 K) of 4.
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Figure S8. 'H-NMR (300 MHz in CDCl; at 298 K) of 2.
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Figure S11. "H-NMR (300 MHz in CDCl; at 298 K) of 3.
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Figure S12. 3'P {H}-NMR (121 MHz in CDCl; at 298 K) of 3.
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Figure S13. 3C {H}-NMR (75 MHz in CDCl; at 298 K) of 3.
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Figure S14.3'P {H}-NMR (121 MHz in CDCl; at 298 K): No reaction of 1 with PGE and DMC under

the used epoxy curing conditions.

S15



After 0 m|n

; After 10 minm

il

-

i

= 551

| After 20 min || |

) [

 After 40 min

|
| | after 60 min,
|- o, LN

5

|\,

\__

|
o

[
LS

!
| After 80 min,
e

|U" After 100 min ”L_JKJW“LJJ

Al
i)

After 130 m iﬂ

ﬂ

ll

M; M AU

Y, ”L _ﬂ;,/'”’"“’\_ ﬁ/\)}

A
/ l‘\__g_/—’k_me‘\\_/-\j“\‘/‘/& /NLVIJ IM,

AR / \\«WJ .\ L\_,M
~lu
AT + TNt Ve i
I
BN R N .
A
A
\

JJ AR NN

A

L

T T T
8.0 7.5 7.0

T
6.5

T
6.0

T T T T
5.5 5.0 4.5 4.0
4/ ppm

35

T
3.0

T
2.5

T
2.0

@

T
o
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used epoxy curing conditions.
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Table S1. Baseline toxicity (EC20, of five experiments run in duplicates), relative antiandrogenic and

estrogenic activity (EC20 and/or relative activity at highest non-cytotoxic concentration (in brackets),

n=24-48) of conventional and alternative flame retardants.

4 3 2 1 TBP TBBPA
Baseline toxicity, 207 >3.00 0.59 0.25 1.17 0.09
ECy [mM]
Relative antiandrogenic
o 1.43 0.31 >3.00 >3.00 0.04 >3.00
activity, EC,y [mM]
Relative antiandrogenic 40.59 + 35.02 + 7.41 £ _ 4532 + )
activity [%] 3.33 2.92 2.03 2.31
Relative estrogenic activity _ _ _ _ 6.01 £
[%]
|5 1001 & 1mr
'_E T #  Phosphate (4)
= E 60 ® Amidate (3)
50 *  Diamidate (2)
Sco 401 ¢ amdey B
g g 20 -
E
3 o
0.01 l]l1 o ‘II o 1l.'l

Figure S17. Baseline toxicity of conventional and alternative flame retardants (0.02 — 3 mM) as mean

luminescence inhibition = SEM in the Microtox assay. Data were pooled from five independent

experiments run in duplicates.
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Table S2. Summarized raw data of the biological assays.

samble name |solvent Pyricularia oryzae in H,0 Pyricularia oryzae in CM Botrytis cinerea in H,0 HelaS3 Setaria italica |Lepidium sativum B. brevis S. aureus C. albicans R. miehei P. notatum P. variotii
Spg/ml_| 10pg/ml | 25pg/ml | 50pg/ml | Spg/ml | 10pg/ml | 25ug/ml | 50pug/ml 50 pg/ml Spg/ml_| SOpg/ml | 50pg/R 50 pg/R 10pg/R | 50pg/R | 10pg/R | S0pg/R | 10ug/R | 50ug/R | 10pg/R | SOug/R | 10pg/R | 50pg/R | 10pg/R | 50pg/R
TBBPA DMSO 4+ 4+ - 4+ o 4+ 4 4+ - - 50% - - - - - - - - - - - - - -
H,0 - - - - - - - - - - - - - - - - - - - - - - - - -
4]pbMso - - - - - - - - - - - - - - - - - - - - - - - - -
H,0 - - - - - - - - - - 100% - - - - - - - - - - - - - -
1{DmMSs0 - - - - - - - - - - - - B - - - - - - - - - - - -
H,0 - - - - - - - - - - 25% - - - - - - - - - - - - - -
2[bmso - - - - - - - - - - - - - - - - - - - - - - - - -
H,0 - - + + - - - - - - - - - - - - - - - - - - - - -
3|DMSO - - - HH - - - +H - - - - - - - - - - - - + - - - -
H,0 - + - e - - - + - - 75% +- - - - - - - - - - - - - -
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Figure S18. Pyrolysis products at 7}, of raw flame retardants and comparative spectra in N, via TG-

FTIR. Heating rate: 10 K min-'.
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Figure S19. FTIR spectrum of pyrolysis products of EPR DGEBA-DMC at T}« (T

min). Below: comparative spectra, taken from NIST.
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Figure S20. TG-FTIR spectra of the first decomposition step of flame retardants.
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Figure S21. Main decomposition step of DGEBA-DMC + FRs.
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Figure S22. Mass loss (bottom) and mass loss rate (top) curves of neat and flame retarded DGEBA-DMC
epoxy resins in synthetic air (80:20) via TGA. Heating rate: 10 K min'.
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Figure S23. Decomposition products at decomposition steps of neat DGEBA-DMC epoxy resin and

comparative spectra in synthetic air via TG-FTIR. Heating rate: 10 K min!.
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Figure S24. Decomposition products at decomposition steps of flame retarded DGEBA-DMC epoxy

resin and comparative spectra in synthetic air via TG-FTIR. Heating rate: 10 K min’!
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Figure S25. Heat release rate curves of neat and flame retarded DGEBA-DMC epoxy resins in N, via
PCFC. Heating rate: 1 K s,
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Figure S26. Hot stage FTIR spectra of condensed phase of DGEBA-DMC at 30-600 °C.
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Figure S27. Linkam Hot stage FTIR shows clear P-based signals in all FR epoxy resins, but not in pure

polymer.
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Table S3. Assignment of characteristic P bands observed in S29.

Group Range Literature [cm™!] Measured [cm!]
P-H 2400 — 2350 ¥ 2362
P-CHj; (asym) 1450 — 1395 b 1400
P-CH,-R 1440 — 1400 ® 1400
P-Phenyl 1440 (s) ® (1400)
P=0 1300 — 1250 » 1276
P-CHj; (sym) 1346 — 1255 1276
Kon 1240 — 1180 (P=0) » (1276), (1177), (1155)
P-O-Aryl 1240 — 1190 @ (1177)
P-Phenyl 1130 - 1090 1089
Phosphate (inorganic) 1100 — 1000 @ 1089, 1023
1 OH: 1040 — 909 (P=0) »
f(‘FF—OH 2 OH: 1030 - 972 1023
950-917
P-O-Alkyl 1050 — 1030 1089, (1023)
P-O-P 970 — 910 (wide) ¥ (~877)
P-H (wag) 790~ 885 ~877
interacts with C-O-P ®)
P-CH; 977 — 842V ~877
P-C 754 — 634 (765), 690
C-C skeletal vibr.
(Branched alkanes) 3404859 218,495

a) M. Hesse, H. Meier, B. Zeeh; Spektroskopische Methoden in der organischen Chemie; 4.
iiberarbeite Auflage; Georg-Thiem Verlag Stuttgart- New York b)
https://faculty.missouri.edu/~glaserr/8160f10/A03_Silver.pdf, ¢) George Socrates "Infrared and
Raman Characterisitc Group frequencies" John Wiley & Sons, 18.06.2004
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Table S4. Summary of the data gained via cone calorimetry.

+ + + +
Material DGEBA-
Phosphate Amidate Diamidate = Amide + BDP
composition DMC
4) 3) ) (1)
THR / MJ 108.4 + 94.9 + 91.6 £ 87.5+
78.1 £6.5 93.1+2.5
m2 2.6 2.7 1.2 1.2
PHRR / kW 1696 + 982 + 1832+ 1180+
885+ 16 889+ 70
m-2 180 14 96 41
tig/s 47 £ 1 30£0  42=+1 39£0 38+2 42+ 6
99.3+ 92.4 + 91.6 £ 96.9 +
ML / wt.-% 90.9+0.1 90.9+2.5
0.1 0.4 0.2 0.2
Residue / 7.6 £ 8.4+ 3.1+
0.7+0.1 92+0.1 9.1+£2.6
wt.-% 0.4 0.2 0.2
EHC /MJ 26.9 + 25.6 + 253+ 22,7+
21.6+ 1.8 259+1.1
kg! 1.0 0.6 1.0 0.2
) 0.82 + 0.65 + 0.80 + 0.82+ 075+ 0.69 =
x 0.02 0.06 0.02 0.04 0.03 0.01
MARHE / 630 + 546 +
732+£24 404 +20 481+4 477+ 1
kW m- 27 12
FIGRA / 155+ 82+ 9.8+ 11.0+
9.0+0.2 80+04
kW m?2 ! 23 0.6 0.7 0.7
285+ 24.1 £ 23.8+ 23.8+
TSP/ m3 244 +6.1 29.8+1.9
1.1 1.5 0.1 0.1

Phosphate (4) Amide (1)

Interior Surface

Figure S28. Morphology (top row: surface; bottom row: interior) of flame retarded DGEBA-DMC epoxy

resin residues via SEM; black bar is equal to 100 um, white bar is equal to 1 mm.
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Figure S29. Total ion chromatogram of pyrolysis GC MS of the monomeric FRs. Relevant compounds

are highlighted and were assigned using NIST14 MS library and GC MS reference spectra of the neat

FRs.
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Figure S31. Section 2 (green) at 6.1 min in the pyrolysis GC MS total ion chromatogram was assigned to

5-hexen-1-amine.
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Figure S32. Section 3 (green) at 6.7 min in the pyrolysis GC MS total ion chromatogram was assigned

to 5-hexen-1-ol.
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Figure S33. Section 4 (orange) at 23.7 min in the pyrolysis GC MS total ion chromatogram was assigned

to 4.
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Figure S34. Section 5 (orange) at 24.6 min in the pyrolysis GC MS total ion chromatogram was assigned
to 3.
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Figure S35. Section 6 (orange) at 25.8 min in the pyrolysis GC MS total ion chromatogram was assigned

to 2.
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Figure S36. Section 7 (orange) at 26.9 min in the pyrolysis GC MS total ion chromatogram was assigned
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Abstract

We successfully synthesized multifunctional P-based hyperbranched polymeric flame
retardants (hb-FRs) with varying oxygen-to-nitrogen (O : N) content and characterized them
via *H and 3'P NMR and GPC. Their miscibility in epoxy resins (EP) and impact on glass-
transition temperatures (T,) were determined via differential scanning calorimetry (DSC).
Using thermogravimetric and evolved gas analysis (TGA, TG-FTIR), pyrolysis gas
chromatography/mass spectrometry (Py-GC-MS), hot stage FTIR, flammability tests UL-94
and LOI, fire testing via cone calorimetry, residue analysis via scanning electron microscopy
(SEM) and elemental analysis, detailed decomposition mechanisms and modes of action are
proposed. hb-polymeric FRs have improved miscibility and thermal stability, leading to high
FR performance even at low loadings. Polymeric, complex FRs increase flame retardancy,
mitigate negative effects of low molecular weight variants, and can compete with commercial
aromatic FRs. The results illustrate the role played by the chemical structure in flame

retardancy and highlight the potential of hb-FRs as multifunctional additives.
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Introduction

Polymeric materials are pervasive throughout almost all
aspects of modern life. Their tunable properties promote a
wide range of applications, from packaging, transport, and
construction to consumer electronics, automotive, and aero-
nautics. In particular, high-performance polymers are increas-
ingly used to reduce weight and improve fuel efficiency in avia-
tion and automobiles, and their material properties are para-
mount to their effective use. However, plastics are intrinsically
flammable and carry a large fire load, consequently prompting
the use and continued research into flame retardants (FRs).
Due to environmental and toxicological concerns," efforts into
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S7); polymerization study (Table S1); DSC results (Table S2); TGA results of hb-
FRs (Table S3); hydrolysis decomposition (Scheme S1); elimination decompo-
sition (Scheme S2); inter- and intramolecular decomposition (Scheme S3); sulfur
decomposition (Scheme S4); mass spectra of Py-GC-MS (Fig. S8-15); surface
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developing halogen-free alternatives to improve safety and
reduce risks have led to the formulation of effective phos-
phorus-based FRs (P-FRs).>”

Moreover, there exists a trend towards polymeric FRs, as the
blooming out or leaching of low molar mass FRs is undesir-
able in consumer products.® Low molar mass FRs usually
possess low thermal stability, thus limiting their processabil-
ity. Furthermore, the overlap between the decomposition
temperatures of the FR and matrix is crucial to achieving good
performance.”® In comparison, oligomeric or polymeric FRs
are more effective due to their increased thermal stability
which leads to improved chemical interactions during
decomposition, yielding higher char yields and better overall
flame retardancy.”'® In addition, FRs with novel architectures
have been investigated, highlighting the impact of the complex
chemical structure on the mechanical properties and glass-
transition temperature (7,) of the polymer matrix.

One group of polymers which has the potential to merge
the approaches of utilizing high molar mass and complex
molecular architecture is hyperbranched (2b) polymers. hb
polymers are a group of specialized macromolecules that
exhibit a high branching density and are more easily syn-
thesized via a one-pot synthesis than other complex
polymers."""*> Awide array of synthesis routes and applications
has been extensively investigated."> ™

Due to their unique characteristics, these complex macro-
molecules have found use in the biomedical field,'*"® and
recently, they have been proposed as FRs for polymers.'*' hb

This journal is © The Royal Society of Chemistry 2019
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flame retardants (zb-FRs) combine the potential of polymeric
FRs with the advantages of complex geometries.”*** Their
high molar mass and complex architecture lead to high solubi-
lity and miscibility with other materials.>* Chiefly among
hb-FRs, hb-polyphosphoesters have been recently proposed as
effective FRs,>” also in epoxy resins (EP).>® Additionally, phos-
phorus (P) and nitrogen (N) containing Ab-FRs have been
investigated,”’?® as the synergistic qualities of P-N com-
pounds have been widely discussed.>*"*°

In a recent study, we have investigated the flame retardancy
effect of P-FRs by systematically varying the structure, namely
phosphates, phosphoramidates, phosphorodiamidates, and
phosphoramides, and have proven the differences in the
decomposition mechanism and mode of action.?

In this article, we synthesized Ab-FRs from the previously
investigated corresponding monomeric FRs by a radical A, +
B; thiol-ene polyaddition (Scheme 1) and investigated their
decomposition mechanism. The aim is to compare the FR
potential of hb-FRs with varying P-O and P-N contents, and
the high molar mass variants are compared to their monomers
in terms of flame retardancy mechanisms, mode of action,
and efficacy in epoxy resins. The A, + B; strategy was chosen
due to its ease of synthesis and potential for up-scaling.**** As
P-O and P-N-bonds possess different stabilities and degra-
dation pathways, an optimized FR performance can be
obtained by a precise synthesis of P-FRs.*!

However, the polymerization process alters the end-group
functionality and may affect gas-phase activity. It is unclear
which flame-retardant affects the zb polymeric variants of pre-
viously investigated P-FRs. Moreover, the role of complex mole-
cular architecture in the FR’s chemical mechanism remains
unclear. With this study, investigating the decomposition
pathway of distinctively different #b-FRs and their mode of
action in EP becomes possible, allowing for a deeper under-
standing of these multifunctional additives as effective FRs for
high-performance polymers. Crucially, the material properties
of epoxy resins must be conserved, and by comparing these ali-
phatic 7b-FRs to a state-of-the-art, commercially available
benchmark FR, their performance can be more accurately esti-
mated. While there have been many reports on P-FR formu-
lations for epoxy resins,”® of which some studied one type of

X,Y,Z=0orNH
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/\/\/\Z$~X’\/\/\ . Hs/\/SH AIBN
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dendritic units linear units

0 J 0 sl
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Scheme 1 Synthesis of hb-FRs via an A, + Bz thiol-ene polyaddition,
and schematic representation of dendritic, linear, and terminal units of
the hb-structure.
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hb-FR,>>3® this study aims at investigating four high-molar
mass hb P-FRs with systematically varying P-O and P-N con-
tents which are able to retain the material properties of
DGEBA-based EP. The results of material and flame retardancy
studies aid in optimizing future design of P-FRs.

Results and discussion
Hyperbranched flame retardants (7b-FRs)

Chemical synthesis and structure identification. The influ-
ence of the P-O vs. P-N ratio on the FR efficiency of low mole-
cular weight P-FRs has been studied recently.?® To explore the
influence of polymeric materials in comparison with mono-
meric materials, we extended this systematic library with the
respective hb-polymers. hb-Polyphosphoramide (1), Ab-poly-
phosphorodiamidate (2), hb-polyphosphoramidate (3), and
hb-polyphosphate (4) were synthesized starting from the
respective Bz-monomers in a radical thiol-ene polyaddition
using 1,2-ethanedithiol as an A,-comonomer and AIBN fol-
lowed by precipitation into n-hexane or toluene (Scheme 1).
The successful A, + B; polymerization was indicated by a
reduction in the double-bond resonances in the 'H NMR
spectra and the detection of a new singlet at 2.71 ppm and a
triplet at 2.55 ppm (see the ESIf). By these procedures, all
P-FRs were easily available up to at least 80 g with standard
university lab equipment. Fig. S1-S3f show the 'H NMR
spectra of the hb-polymers with varying oxygen-to-nitrogen
(O:N) ratios. The spectrum of the monomeric phosphate in
Fig. 1a highlights the change from the monomeric to poly-
meric structure. Here, the appearance of a CH, group (triplet)
at 2.55 ppm signified a successful polymerization, as it corres-
ponds to the methylene group adjacent to the thioether. The
singlet at 2.71 ppm belongs to the two methylene groups
between the two thioether linkages. The signals from 1.70 to
1.38 ppm were attributed to the methylene groups of the alkyl
chain. Fig. $4-S71 show the *'P {H} NMR spectra of the hyper-
branched polymers with varying O : N ratios. The resonance of
the P-atom shifted depending on its chemical surroundings to
lower field with increasing nitrogen content surrounding P
(from 17.13 ppm for 1 to —0.66 ppm for 4).

As an A, + B; polymerization can produce both cross-linked
and soluble Ab-polymers,>* depending on the polymerization
conditions and monomer feed ratios, we optimized the
polymerization conditions using 4 as an example. Table S1f
summarizes the conditions which were varied to produce
soluble polymers compared to cross-linking, yield and mole-
cular weights for different monomer feed ratios. For all molar
feed ratios up to 8:5 (thiols of the A, vs. double bonds of the
B3), cross-linking was observed. For molar ratios 5:9, 5:10
and 5:11, no gelation occurred, and soluble polymers were
obtained. The molecular weights decreased with increasing
excess of the B;-monomer. Also, the 5:9 ratio did not always
prevent cross-linking, most probably due to variations in the
mixing process by the mechanical stirrer. GPC elugrams also
sometimes exhibited shoulders to lower elution volumes, indi-

Polym. Chem., 2019, 10, 4346-4358 | 4347
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Fig. 1 (a) '"H NMR (300 MHz in CDCls at 298 K) of tri(hex-5-en-1-yl)
phosphate (top) and hb-polyphosphate (4) (bottom). The appearance of
the singlet (g and h) and the triplet (f) signifies successful thiol-ene
reactions. (b) Relationship between the number of P-O bonds in hb-FRs
and their glass transition temperature (Tg) via differential scanning
calorimetry (DSC). Linear fit (red line) with a slope (m), Pearson’s corre-
lation coefficient (p) and its square (R?). (c) GPC-elugrams (Rl detection)
of A, + B3z polymerization to 4 at different monomer feed ratios. The red
circle indicates the beginning of gelation.

cating an onset of gelation under these conditions (Fig. 1c).
Although the 5:9 ratio provided the highest molecular weights
after 24 h of polymerization, the broadest molar mass disper-
sity with ca. My/M,, = 12 was obtained. The 5:11 and 5:10
ratios both prevented gelation and resulted in lower molar
masses. We chose the 5 : 10 ratio for the following studies as it
prevented gelation effectively and resulted in higher molar
masses than the 5:11 ratio. All polymers were obtained in
yields of 76-89% as off-white and viscous oils.

Material properties. The glass-transition temperatures (7y)
of the hb-polymers were investigated via differential scanning
calorimetry (DSC), indicating the fully amorphous behavior of
all synthesized polymers (Fig. S17 and Table S2t). The glass-
transition temperature increased linearly with the reduction of
P-O bonds, i.e. an increase of P-N bonds, in the Zb-polymer
structure (Fig. 1b). The T, of the hb-polyphosphate was
detected at —94 °C and increased by approx. 16 °C for each
subsequent N bound to P to ca. —48 °C for 1.

Pyrolysis. The decomposition behaviors of the #b-FRs under
pyrolytic conditions were investigated using TGA (Fig. 2a and
Table S31). The mass loss curve of the #b-phosphate (4) exhibi-
ted a main single decomposition step at 274 °C (81 wt% mass
loss) with a gradual decomposition thereafter. The Zb-amidate
(3) displayed a mass loss curve similar to 4: its onset tempera-
ture (Ts¢,) and temperature of maximum mass loss rate (Tpax)
were in a similar range (242 °C and 281 °C, respectively);
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Fig. 2 Pyrolysis investigations via thermogravimetric analysis (TGA) of
hb-FRs: (a) mass loss (bottom) and mass loss rate (top) over T of hb-FRs;
(b) linear relationship between the number of oxygen atoms in the
P-binding sphere of hb-FRs and their residue yield at 700 °C (red line:
linear fit; m: slope; p: Pearson'’s correlation coefficient or PCC; R% PCC
squared).

however, the main decomposition step presented an additional
shoulder that extended over a range of approx. 40 °C and
peaked at 335 °C. Additionally, a small decomposition step
(approx. 8 wt%) appeared at 481 °C. The hb-diamidate (2) exhibi-
ted a decomposition step which extended over a large tempera-
ture range from Ts¢, at 194 °C to just before Ty, at 359 °C.
Similarly, the 2b-amide (1) also showed a steady decomposition
between Tse, at 190 °C until shortly before Ty, at 361 °C. For
both 1 and 2, a small decomposition step (approx. 10 wt%)
occurred at 463 °C and 428 °C, respectively. The amount of
residue increased from 11.2 wt% for 4 to 17.6 wt% for 1.
Interestingly, the residue amount after pyrolytic decompo-
sition increased with increasing N content by approx. 2.7 wt%,
and Fig. 2b illustrates the linear increase between the number
of O in the P-binding sphere and the residue yield. The
increase in residue yield with increasing P-N bonds in the 7b-
FRs results from the formation of thermally stable intermedi-
ates that decompose over a broad temperature range. When
comparing 3 and 4, the replacement of a P-O bond with a P-N
bond increased residue yield and introduced an additional

This journal is © The Royal Society of Chemistry 2019
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decomposition step at elevated temperatures. When compar-
ing 1 and 2 to 3 and 4, the mass loss behavior changed drasti-
cally from a single-step decomposition with a shoulder to a
multi-step decomposition over a large temperature range,
pointing to a crucial influence of the number of P-N bonds in
the polymer on its decomposition pathway.

To better understand the decomposition mechanisms of
the FRs under pyrolytic conditions, the materials were investi-
gated via evolved gas analysis using TGA-FTIR (Fig. 3a-d) and
pyrolysis gas chromatography/mass spectrometry (Py-GC/MS)
(Fig. 4). The evolved gas FTIR spectra of decomposition pro-
ducts correspond to specific decomposition steps during pyrol-
ysis of hb-FRs. For hb-FRs, either 5-hexene-1-ol and/or
5-hexene-1-amine was detected during the decomposition,
depending on the O:N ratio, which correlates well with pre-
vious investigations for low molar mass P-FRs.’" 5-Hexene-1-ol
was identified via the vibration band at 1054 cm™ from the
stretching vibration of (C-O). 5-Hexene-1-amine was identified
via the stretching vibration band at 1068 cm™" from (C-N) and
the wagging deformation band at 769 cm™' from (N-H).
Additionally, 1,5-hexadiene was identified as a decomposition
product (via a p-elimination) for all #b-FRs via the bands at
3082 cm™' from unsaturated hydrocarbons and those at
1642 cm™ ", 1452 cm ™', 998 cm ™' and 917 cm™* belonging to
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Fig. 4 lon chromatograms of hb-FRs from pyrolysis gas chromato-

graphy/mass spectrometry (Py-GC-MS) measurements. Highlighted
areas correspond to relevant compounds identified via the NIST14 MS
library.

various C-H vibrations of the hexene moiety, which were also
observed in 5-hexene-1-amine and 5-hexene-1-ol. Interestingly,
at T > 330 °C, all spectra showed few if any bands for unsatu-
rated hydrocarbons (bands > 3000 ecm™'). Furthermore, 2, 3,
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and 4 exhibited the production of a P-species at T =
260-280 °C: for 2 and 3, the bands at 1330-1300 cm™* from
the overlapping stretching vibrations of P—0 or P-N, and for
4, the bands at 1299 cm™' from the stretching vibration
R,~(P—0)-OH, and 1034 cm™' from R,~(P-OH)=O or the
stretching vibration of (P-O-C). During the decomposition of
the hb-FRs with P-N bonds, the evolution of ammonia at 7 =
330-360 °C and temperatures above 440 °C was identified by
the bands at 3334 cm™, 1642 cm™, 966 cm™, 931 cm™*, and
629 cm™".

The FTIR spectra, TGA mass loss curves, and residue
amounts after pyrolysis point toward a certain behavior during
pyrolysis: all units of the Zbh-FR undergo several types of
decomposition reactions, and several mechanisms occur sim-
ultaneously or in tandem with one another. A general
decomposition pathway is described in Scheme 2, and hydro-
lysis (Scheme S17), elimination (Scheme S27), and intra- or
intermolecular reactions (Scheme S3t) are described more in
depth in the ESL}

For Py-GC/MS, pg samples were pyrolyzed at a specific
temperature and the evolved gases passed through a GC separ-
ation column and an MS detector. Measurements at 500 °C
(Fig. 4) revealed additional information on the decomposition
mechanism of hb-FRs: the production of 1,5-hexadiene was
identified by the mass spectrum at 2.6 min (Fig. S8t) and the
signals at retention times of 2.7-3.7 min (areas highlighted in
blue) were assigned to various CgHjq-species formed by the
high-temperature rearrangement of 1,5-hexadiene. Moreover,
5-hexene-1-amine and 5-hexene-1-ol (areas highlighted in
purple) were observed at retention times of 6.1 min (Fig. S107)
and 6.6 min (Fig. S117), respectively. Additionally, all Z#b-FRs
formed cyclic sulfur-containing compounds (areas highlighted
in yellow). The mass spectra of all #b-FRs at retention times of
2.63 min (corresponding to thiirane), 7.8 min (corresponding
to 4-methylthiane), 8.2 min (corresponding to 2-ethylthio-
phane), 9.3 min (corresponding to thiepane), and 10.2 min
(corresponding to 1,4-dithiane) are summarized in Fig. S9,
S12, S13, S14 and S15,t respectively. A mechanism leading to
the production of these products is proposed in Scheme S4.+

Flame retardant epoxy resins (EP-FRs)

Material properties. The miscibility of 1 and 4 with EP was
studied from 0 up to 40 wt%: all samples were translucent and
showed no sign of macro-phase separation (Fig. 5a). The misci-
bility of 4 with EP is further supported by SEM and TEM
images (Fig. S2171). A homogeneous surface of a section of EP
with 10 wt% of 1 is shown in Fig. S16a.f There is no obvious
indication of phase separation. Fig. S16bt displays the surface
of EP fractured under cryogenic conditions and etched in di-
chloromethane according to the method of Meng et al.,*” who
studied the phase separation within EP by fracturing the
sample under cryogenic conditions and etching it in dichloro-
methane for thirty minutes. The filler used by Meng et al. was
soluble in dichloromethane like 4 used in this experiment.
The cut block surface which was etched in dichloromethane is
illustrated in Fig. S16ct and showed no signs of phase separ-
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ation as indicated by the absence of grooves on the surface.
These results are supported by a sample stained with ruthe-
nium tetroxide and analyzed by TEM (Fig. S16d+), in which a
homogeneous surface is visible, indicating no sign of phase
separation. Differential scanning calorimetry (DSC) measure-
ments (Fig. S177) presented only one glass-transition tempera-
ture (Tg), further supporting the absence of macro phase
separation.

All hb-FRs were used as additive flame retardants and
under the curing conditions no side-reactions of the phos-
phoramide-bond with the epoxy were reported.’’ The impact
of hb-FRs on the T, of EP (Fig. S18t) is presented in Fig. 5b,
and the change of T, relative to EP is noted. When comparing
the T, of EP with the monomer of 4 with the T, of EP-4, the hb-
FR exhibited a relative increase of 17%, which showcases the
decreased effect of hb-FRs over their low molecular weight
P-FR counterparts. All #b-FRs except 1 lowered T, of EP at a
similar level to the benchmark material BDP, i.e. by 14%. 1
had the lowest impact on T, compared to the other FRs, lower-
ing T, by only 8% to 142.5 °C. The T, values are ordered 4 <
3 <2 <1, following the trend visible in the T, of pure 1b-FRs. It
should be noted that hb-FRs are composed of aliphatic hydro-
carbons as opposed to BDP, which contains aromatic rings.
The reduced effect on T, that these aliphatic FRs exhibit is
comparable to that by aromatic compounds, which speaks for
the ability of #1b-FRs to mitigate the plasticizing effect of con-
ventional aliphatic FRs. The hb-polymers present significantly
higher T, values in EP than their monomeric analogues
(16-21% increase),”® highlighting their character as multifunc-
tional FRs.

Pyrolysis - mass loss and evolved gas analysis. To under-
stand the decomposition behavior of EP-hb-FRs, the mass loss
and evolved gas analysis of the pyrolytic decomposition was
investigated via TGA coupled with gas FTIR. The results are
summarized in Table S4.f The mass loss and mass loss rate
curves of EP and EP-FRs (Fig. 6a) and the change in residue
yields at 700 °C (Fig. 6b) signify a significant change in the
decomposition of EP when #b-FRs are added, providing evi-
dence for their interaction during pyrolysis. EP began to
decompose at Tse, = 338 °C and reached Ty, at 372 °C. The
material decomposed in a single main step equal to a mass
loss of 62 wt%, with a shoulder beginning at 424 °C equal to a
mass loss of 33 wt%. The residue at 700 °C was 4.5 wt%. The
mass loss and evolved gas analysis of the resin DGEBA-DMC
has been previously reported and will not be discussed in
further detail here.?®?* The resin with the benchmark material
BDP (EP-BDP) decomposed in a single step with a shoulder,
analogously to EP. However, Tso, was 33 °C and Ty, was 15 °C
lower than that of EP, which is attributed to a reduction in
cross-linking density of the flame retardant EP system. The
shoulder starting at 423 °C showed a lower decomposition rate
compared to EP. The mass loss at Ty,ax increased to 75 wt%
and decreased to 16 wt% at the shoulder. This results from the
interaction of BDP with the decomposing matrix, more closely
the binding of phenol-derivatives and cycloalkanes which
exhibit a maximum in the production rate in this temperature

This journal is © The Royal Society of Chemistry 2019



Polymer Chemistry

Paper

branched units

R—s/\/s{\/\/\ﬂz_g X/\/\/\/SV\S]L[\/\/\/Z_E_X/\/\/\/\S/\/STHR'
: g .
Wi“%” j«; | X,Y,Z=00rNH

linear units

Gas phase terminal units
' PO ELHyperbranched structure !
HF'>02§ N s s
—= | @ =4 =0 A
LS A
acnd catalyst S
Radical P IR
SCAVENGSIS “\\ Hydrolysis nter- / Intramolecular reactions
Condensed phase ! N HO™"™" ‘ | HO™™S Wz_g_x_g_)(m
!/ o o o : R—H-OH or cis-Elimination or + vy
! 2 18 = R oo
{HO—-P—O—P-O—P-OH 2
i OHL oH J,OoH l l
i Polyphosphoric acid / 1 ONNF

1 Inorganic glass !
i

Phosphorylation

Epoxy resin

decomposition products Epoxy resin matrix

HZPx/HZPXH/ZPXH

when X, Y orZ=NH

Condensed phase

Q e NH
P—NH{pmarP-N P
| ] H ]
OH R R

Phosphazenes, Phosphorus oxynitrides, etc.

—
—_—

Increased
char formation /
stabilization

adeade
CH W LY
-0 -0

I}IH NH
R-P:0 HO-P:0

% 3
= o =D
S 00
QA A

Nitrogen-containing

hb-FRs

Scheme 2 Proposed decomposition mechanism of hb-FRs and FR interaction with EP during thermal decomposition of EP-hb-FRs. Solid squares:

identified products (TG-FTIR, hot stage FTIR, etc.).

range.’ This interaction also explains the increased residue
yield of EP-BDP, which nearly doubled to 8.2 wt%.

All EP-hb-FRs exhibited a similar decomposition behavior
to EP-BDP: Tso, was lower than EP by an average of approx.
47 °C, while Ty, was lowered by an average of approx. 21 °C.
The residue yields of the EP-hb-FRs varied depending on the
O: N ratio of the hb-FRs (Fig. 6b): EP with hb-phosphate (EP-4)
and EP with hb-amidate (EP-3) showed a similar residue yield
(7.7 and 6.8 wt%, respectively), while EP with hb-diamidate
(EP-2) and hb-amide (EP-1) exhibited residue yields similar to
EP-BDP (8.1 wt% and 8.0 wt%, respectively). Although EP-3
exhibited a lower residue yield, all #b-FRs increased residue

This journal is © The Royal Society of Chemistry 2019

yields by the same margin as the benchmark FR, signifying
their ability to interact with the decomposing matrix, forming
thermally stable residues. The mass loss of Z#bh-FRs in EP was
strikingly different from their monomeric FR variants: whereas
the latter exhibited a mass loss equal to approx. 10 wt% near
220 °C (Fig. 3b, dotted line), all #b-FRs are significantly more
thermally stable than their low molar mass counterparts in
this temperature range and exhibited only minor decompo-
sition.*" This higher decomposition temperature increased the
overlap of FRs and matrix decomposition, leading to higher
reactivity and interaction during pyrolysis,”*° further illustrat-
ing the multifunctional capabilities of #b-FRs and the ability

Polym. Chem., 2019, 10, 4346-4358 | 4351
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of polymeric FRs to overcome the impediments of their mono-
meric FR variants as well as perform equally to aromatic
compounds.

When comparing the FTIR spectra of evolved gases near
Tso, for EP-hb-FRs with monomeric FR variants in EP (Fig. 7a),
the distinct similarities in the spectra indicate analogous
decomposition products, namely 5-hexene-1-ol, 5-hexene-1-
amine, cyclohexene, 1,5-hexadiene, and acetaldehyde. The
spectra of EP-2, EP-3, and EP-4 exhibited the (C-O) stretching
vibration band at 1054 cm™" assigned to 5-hexene-1-ol. EP-2
and EP-3 produced cyclohexene as identified via the C-H
bending vibration at 1140 cm™". The spectra of EP-1 showed
the (C-N) vibration band of aliphatic hydrocarbons at
1068 cm™' and the (N-H) wagging deformation of primary
amines of aliphatic molecules at 769 em™", pointing to the pro-
duction of 5-hexene-1-amine. Moreover, the (C=O0) stretching
vibration at 1730 em™', corresponding to acetaldehyde, was
visible for EP-1, EP-3, and EP-4, while it was concealed under
noise for EP-2. Acetaldehyde is a product of the decomposition
of unreacted epoxide groups from EP.*° The band at
3082 cm™" belonging to the (C=C) stretching vibration was
visible in all EP-4b-FR spectra at Tsq, and indicated that the
decomposition products are unsaturated. When investigating
the evolved gas spectra of EP, EP-i1b-FRs, and EP-BDP at Ty,
(Fig. 7b), all spectra were identical to the spectrum of EP, sig-
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nifying that EP-7#h-FRs did not exhibit gas evolvement at this
point. This correlates well with the mass loss curves of the ib-
FRs under pyrolytic conditions (Fig. 2a), as the hb-FRs have
nearly completely decomposed at the Ty,.x of EP. These FTIR
spectra provide further evidence that terminal and linear units
of the &b structure decomposed near Tso, as evidenced by the
presence of unsaturated hydrocarbons present solely on these
units and 5-hexene-1-ol and/or 5-hexene-1-amine, respectively.
As previously mentioned, this can be rationalized by the lower
thermal stability of the w-hexenyl side chains compared to the
thiol-linked main chain.

The decomposition pathway is a complex interaction of the
FR, the matrix and the decomposition species thereof.*® The
detection of various P-species in the condensed phase
(Fig. S197) confirms that #b-FRs interact with the decomposing
matrix. The incorporation of P into the residue increases char-
ring via enhanced cyclization of the hydrocarbon chains and
stabilizes the carbonaceous char by acting as cross-linking
points between the polyaromatic hydrocarbons.*' The pro-
posed mechanism is presented in Scheme 2: the decompo-
sition of hb-FRs leads to the formation of O=(P-OH) groups

This journal is © The Royal Society of Chemistry 2019
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via hydrolysis of the (P-N) or (P-O) bond, respectively, result-
ing in the production of phosphoric acid and acid derivatives.
These P-based acids interact with EP in three ways: acting as
acid catalysts for further hydrolysis,"* aiding in the phos-
phorylation process of the EP matrix via esterification and de-
hydration,*® and forming an inorganic glass via polyphospho-
ric acid, thus affording thermal stability to the residue.”** For
N-containing %b-FRs, the formation of phosphazenes, phos-
phorus oxynitrides, and other P,N;0, species further increased
cross-linking of the aromatic char, and the presence of N can

accelerate phosphorylation through synergy.*>*’

Table 1 Results from cone calorimeter experiments of EP and EP-FRs

Paper

Fire behavior. EP and all EP-FRs were investigated for their
reaction-to-small-flame behavior via UL-94 and LOI (Table S67)
and under forced-flaming conditions in a cone calorimeter to
determine their fire load, residue yields, smoke and gas pro-
duction, and heat release rate (HRR). The HRR of a “steady
state” burning polymer is described by the following
equations:*®

HRR =7 - 0()-(1 = p)-(h¢/hg)-q"ess

(1)
(2)

where y is the combustion efficiency, 6(¢) is the time-depen-
dent protective layer effect, x is the residue yield, A0 is the heat
of complete combustion, A, is the heat of gasification, §". is
the effective heat flux, §". is the external heat flux, §"game is
the heat flux due to thermal feedback, §"ieraq is the heat flux
from reradiation, and ¢"joss is the loss of heat flux out of the
flame.

The results of the cone calorimeter experiments are sum-
marized in Table 1 and Fig. 8 plots the HRR and total heat
released (THR) as functions of time. The shape of the HRR-
curves gives insight into the behavior of the material during
flaming combustion and highlights the modes of action of the
FRs.”® For EP, the shape was typical of non-charring, thermally
intermediately thick samples: after ignition, the material
began to decompose with a strong initial increase in the HRR.
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Fig. 8 Heat release rate (HRR, full line) and total heat released (THR,
dotted line) over t of EP and EP-FRs.

EP EP-1 EP-2 EP-3 EP-4 EP-BDP
THE [M] m ™2 108.4 + 2.6 95.5 +2.3 99.1 +2.7 86.6 + 0.1 89.8 +3.0 87.5+ 1.2
PHRR [kW m™?] 1696 + 180 1189 + 155 1325 + 10 1019 + 17 953 + 41 1180 + 41
Residue [wt%)] 0.7+ 0.1 12.1+2.7 7.0 0.1 13.6 £ 0.5 7.5+ 0.6 3.1+0.2
EHC [M] kg™'] 26.9 + 1.0 25.5+ 0.5 26.8 + 0.8 25.1+0.1 24.3 + 0.6 22.7 +0.2

THE = total heat evolved (=THR at flame-out).

This journal is © The Royal Society of Chemistry 2019

Polym. Chem., 2019, 10, 4346-4358 | 4353



Paper

The quasi-static HRR corresponding to the steady state HRR is
marked only by a shoulder and disappears near the peak of
heat release rate (PHRR). The peak results from a reduction of
G"0ss caused by the glass wool under the sample preventing
heat transfer to the sample holder as the pyrolysis zone
approaches. EP had a PHRR of 1696 kW m™> and a total heat
evolved (THE = THR at flame-out) of 108.4 MJ m™>. It exhibited
an effective heat of combustion (EHC = total heat evolved/total
mass loss) of 26.9 MJ kg™! and a residue yield of 0.7 wt%. For
EP-BDP, the HRR-curve resembled a mixture of thermally thick
charring materials and thermally intermediately thick non-
charring materials: while it retained the characteristic shape of
EP, the addition of a charring mode of action was visible,
resulting in a 30% reduction of the PHRR (1180 kW m™?). THE
and EHC were also 19% and 16% lower than EP (THE =
87.5 MJ m~?; EHC = 22.7 MJ kg™"), respectively. The residue
yield was 3.1 wt%.

All EP-hb-FRs reduced the fire load of EP by 9-20% and the
PHRR by 22-44% and increased residue yields in the order EP-
2 < EP-4 < EP-1 < EP-3. EP-2 showed the lowest residue amount
(7.0 wt%) and EP-3 exhibited the highest amount (13.6 wt%).
EP-3 and EP-4 displayed the greatest reduction in PHRR and
THE, while EP-1 and EP-2 did not achieve the same reduction
in these indices. Nearly all 2b-FRs exhibited a plateau-like
shape approx. 20-30 s after ignition, which was caused by the
formation of a protective char layer on the sample surface,
shielding the underlying material from irradiation and redu-
cing the PHRR. Additionally, the release of P-containing vola-
tiles, observed in pyrolysis investigations (Fig. 2), acted in the
gas phase as radical scavengers or fuel diluters, thus reducing
THE. As combustion continued, the protective layer effect
rescinded, and the decomposition of the underlying material
increased towards the PHRR. After flame-out, the char layer
underwent thermo-oxidation as evidenced by the slow increase
of THR over time in the plateau-state at ¢ > 240 s.

Petrella-plots are a way to assess fire behavior and flame
retardancy:*° the fire load (THE) is plotted over the fire growth
index (PHRR/ti;), as THE quantitatively describes heat released
but lacks a description of release rate, while PHRR/tj,
describes the flashover potential (severity of a fire, or peak
heat release potential) but is not quantitative. The Petrella-plot
of EP and EP-FRs (Fig. 9) displays that, while the PHRR/t;; of
EP was 36 kW m™2 s™! and the THE was 109.6 MJ] m™2, all
EP-FRs exhibited a lower PHRR/t;; and THE, as indicated by
the shift to the lower left corner of the coordinate system. 2
displayed the lowest flame retardancy, lowering THE by only
10% to 99.1 kW m~> s~ and PHRR/t;, by only 7% to 33.6 MJ
m™2, while 3 showed the greatest reduction in both THE (21%
reduction to 86.6 MJ m™?) and PHRR/f, (31% reduction to
24.9 kW m™2 s7"). The plot visualizes the ability of 3 and 4 to
act more effectively in forced-flaming conditions than 1 and 2,
providing further evidence that a critical O : N ratio determines
decomposition behavior due to changes in the flame-retar-
dancy mechanism and mode of action. Moreover, 3 and 4 out-
perform BDP, providing further evidence that Zb-FRs can
compete with aromatic compounds.
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Furthermore, Fig. 9 also visualizes the change in fire behav-
ior from the monomer to polymer: the low molar mass var-
iants exhibited very scattered results, where the monomer of 4
had a very different impact compared to the monomer of 1 in
terms of lowering the fire load and fire growth index of EP.
Although the hb-FRs presented varied results based on their
O: N ratio, in general they displayed significantly less disperse
values for fire growth and fire load, the result of a more pro-
nounced chemical interaction between the FR and matrix
during decomposition.

Experimental
Materials

Chemicals. All chemicals were purchased from commercial
suppliers as reagent grade and used without further purification.
The monomers were prepared according to the literature.*

Methods

NMR. Nuclear magnetic resonance measurements ('H,
*p-{H} and "*C-{H} NMR) were performed on a Bruker Avance
(Bruker, Ettlingen, Germany) spectrometer at 250, 300, 500,
and 700 MHz on samples solved in deuterated chloroform,
deuterated dimethyl sulfoxide or deuterated N,N-dimethyl-
formamide. Calibration spectra were measured against the
solvent signal. All spectra were analyzed using MestReNova 9
(Mestrelab Research S.L., Santiago de Compostela, Spain).

GPC-MALS. For gel permeation chromatography with multi-
angle laser light scattering online detection (GPC-MALS), a
light scattering detector combined with a suitable concen-
tration detector was connected to the output of the GPC
columns for the direct determination of the molecular weight.
The refractive index increment (dn/dc) was determined online
under the assumption that 100% of the sample mass is
injected and elutes from the column. For the P-N containing
polymers, DMAc as the mobile phase with 2 g L™ LiBr and

This journal is © The Royal Society of Chemistry 2019



Polymer Chemistry

2 ¢ L' TRIS was used. As the stationary phase, a GRAM linear
M column with a particle size of 10 pm from PSS Polymer
Standards Service GmbH was used. The operation temperature
was 60 °C. For the phosphate, the mobile phase was THF. As
the stationary phase, three SDV columns with a porosity of
10° 10" and 500 A and a particle size of 10 pm from PSS
Polymer Standards Service GmbH were used. The operation
temperature was 30 °C.

DSC. For hb-FRs, a Mettler Toledo DSC 823e (Mettler Toledo,
Columbus OH, USA) was used at a heating and cooling rate of
10 K min~" under a nitrogen atmosphere with a flow rate of
30 ml min~'. Three measurements of a heating-cooling-
heating cycle were performed. Measurements of the flame
retardant epoxy resins were performed on a Netzsch 204 F1
“Phoenix” (Netzsch Instruments, Selb, Germany) using a 5 mg
solid sample. Three heating and two cooling runs were per-
formed at a rate of 10 K min™" in the temperature range from
—80 to 180 °C for epoxy resins. The T, of a material was taken
as an average of the 2" and 3™ heating run.

TGA/TG-FTIR. Thermogravimetric analysis and evolved gas
analysis via FTIR measurements were performed on a TG 209
F1 Iris (Netzsch Instruments, Selb, Germany) coupled to a
Tensor27 Infrared Spectrometer (Bruker Optics, Ettlingen,
Germany) via a heated (T = 270 °C) transfer-line. Samples sized
5 mg (hb-FR) or 10 mg (epoxy resins, powdered) were heated at
a rate of 10 K min™" from 30 to 900 °C under a nitrogen atmo-
sphere via gas flow at 30 ml min~". The epoxy resins were pow-
dered using a CryoMill (RETSCH, Germany) under liquid
nitrogen.

Hot-stage-FTIR. FTIR spectra of the condensed phase during
pyrolysis were recorded on a hot-stage FTIR using a Vertex70
FTIR spectrometer (Bruker Optics, Ettlingen, Germany) fitted
with an FTIR600 Linkam hot stage cell (Linkam Scientific
Instruments Ltd, Chilworth, UK). Powdered samples were
pressed into a platelet with potassium bromide as the carrying
agent and heated at a rate of 10 K min™" from 30 to 600 °C
under a nitrogen purge at 300 ml min~". The scan resolution
was 0.4 cm™" and samples were measured between 4000 and
400 cm™.

LOL Limiting oxygen index measurements were performed
in accordance with ISO 4589-2. The samples corresponded to
type IV of the standard (dimensions: 130 mm x 6.5 mm X
3 mm). All samples were stored at 23 °C and 50% relative
humidity for at least 80 hours before measurements.

UL-94. Underwriter’s Laboratory 94 measurements were per-
formed on samples stored at 23 °C and 50% relative humidity
for at least 80 hours in vertical and horizontal orientation
according to EN 60695-11-10. The samples were sized 125 mm
X 13 mm X 3 mm.

Cone calorimetry. All forced-flaming measurements were
performed on a cone calorimeter (Fire Testing Technology Ltd,
East Grinstead, UK) using a heat flux of 50 kW m™ on
samples sized 100 mm x 100 mm x 4 mm, conditioned for at
least 48 hours at 23 °C and 50% relative humidity, in accord-
ance with ISO 5660 thus simulating a developing fire.*” As the
standard distance of 25 mm caused the sample residues to
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touch the heating coil due to intumescence, thus interfering
with the measurement results, a distance to the cone heater of
35 mm was chosen.”® The measurements were conducted in
duplicate, and a third measurement was performed if the
margin of error was greater than 10%.

Elemental analysis. All cone calorimetry residue samples
were ground into powder with a mortar and pestle for hom-
ogenization purposes and approx. 5 g of material was col-
lected. All elemental analysis measurements were performed
by Mikroanalytisches Labor Kolbe (c/o Fraunhofer Institut
UMSICHT, Oberhausen, Germany). Phosphorus-contents were
determined chromatographically via a UV/VIS Specord 90
(Analytik Jena AG, Jena, Germany). For statistical purposes, all
measurements were repeated twice.

SEM. Scanning electron microscopy measurements were per-
formed on a Zeiss EVO MA10 (Card Zeiss AG, Oberkochen,
Germany) using an acceleration voltage of 10 kV. The samples
were glued to the sample holder, and then sputtered with gold
prior to measurements to avoid charging effects.

Py-GC-MS. Pyrolysis gas chromatography/mass spectrometry
measurements were conducted using a micro-furnace double-
shot pyrolyzer (PY3030iD, Frontier Laboratories, Japan) con-
nected via a split/splitless inlet port to a gas chromatograph
(7890B, Agilent Technologies, USA) combined with a mass
selective detector (5977B, Agilent Technologies, USA). The scan
range was 15-550 amu and the EI ionization energy of the
MSD was 70 eV. Via gravimetric fall into the pyrolysis zone (T =
500 °C), 300 pg samples were pyrolyzed under a helium atmo-
sphere. Using an Ultra Alloy+5 capillary column (/=30 m, iD =
0.25 mm, film thickness = 0.25 pm), all evolved pyrolysis pro-
ducts were separated under a helium flow of 1 ml min~". The
column temperature was held at 7= 40 °C for 120 s, then
increased at a rate of 10 K min™" to 7' = 300 °C and held there
for 10 min. The GC injector temperature was 7 = 300 °C and it
was operated in a split mode of 1:300. Peak assignments were
made using the NIST14 MS library as a reference.

Synthesis of hb-polyphosphoramide (1), hb-polyphosphoro-
diamidate (2), hb-polyphosphoramidate (3), and hb-polypho-
sphate (4). 1, 2, 3 and 4 were prepared by a radical thiol-ene
polyaddition (Scheme 1). For 1, 2, and 3, 234 mmol of the pre-
viously synthesized monomer®! (1 eq.) and 16.7 g of 1,2-etha-
nedithiol (177 mmol; 0.76 eq.) were dissolved in 240 ml N,N-di-
methylformamide and added to a reactor fitted with a
mechanical stirrer under an argon atmosphere. As a radical
initiator, 690.5 mg azobisisobutyronitrile (AIBN) (4.1 mmol;
0.02 eq.) was used. For 4, 80.00 g of 4 (232 mmol; 1 eq.) and
16.57 g of 1,2-ethanedithiol (176 mmol; 0.75 eq.) were dis-
solved in 240 ml toluene and added to a reactor fitted with a
mechanical stirrer under an argon atmosphere. For 2, 3, and 4,
686.5 mg of AIBN (4.18 mmol; 0.02 eq.) was used as a radical
initiator, and for 1, 686.5 mg of AIBN (4.18 mmol; 0.02 eq.)
was used. The solution was heated at 100 °C for 24 hours. The
crude mixture was then concentrated at reduced pressure. 3
and 4 were precipitated twice into toluene. 1 and 2 were preci-
pitated twice into n-hexane. Finally, the polymers were dried at
reduced pressure until constant weight (yield 2, 3, 4: 73 g,
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76%; yield 1: 86 g, 89%). The purity and chemical structure
were determined by "H NMR and *'P {H} NMR spectroscopy.

Structure characterization

hb-Polyphosphoramide (1). "H NMR (300 MHz, chloroform-
d): 6 [ppm] = 5.84-5.71 (m); 5.02-4.94 (m); 4.02 (m); 2.70 (s);
2.54 (t); 2.06 (td); 1.69 (m); 1.59 (m); 1.40 (m); 1.39 (m);
(Fig. 1a).

*1p {H} NMR (121 MHz, chloroform-d1): § [ppm] = —0.66 (s)
(Fig. S47).

hb-Polyphosphorodiamidate (2). "H NMR (300 MHz, chloro-
form-d): § [ppm] = 5.85-5.72 (m); 5.03-4.93 (m); 3.98 (m); 2.87
(br); 2.70 (s); 2.64 (br); 2.54 (t); 2.06 (td); 1.70-1.36 (m);
(Fig. S1t).

*'p {H} NMR (121 MHz, chloroform-d): § [ppm] = 9.24 (s)
(Fig. S57).

hb-Polyphosphoramidate (3). '"H NMR (300 MHz, chloro-
form-d): § [ppm] = 5.84-5.71 (m); 5.04-4.93 (m); 3.93 (m); 2.87
(br); 2.70 (s); 2.54 (t); 2.07 (td); 1.64-1.25 (m); (Fig. S27).

31p {H} NMR (121 MHz, chloroform-d): § [ppm] = 15.49 (s)
(Fig. S67).

hb-Polyphosphate (4). '"H NMR (300 MHz, chloroform-d):
8 [ppm] = 5.85-5.72 (m); 5.03-4.93 (m); 2.88 (br); 2.70 (s); 2.54
(t); 2.07 (td); 1.58-1.24 (m); (Fig. S37).

*1p {H} NMR (121 MHz, chloroform-d): § [ppm] = 17.13 (s)
(Fig. S71).

Preparation of FR thermosets. The polymer resin was based
on diglycidyl ether of bisphenol A (DGEBA) (Araldite MY740,
Bodo Miiller Chemie GmbH, Offenbach am Main, Germany)
and the amine component 2,2-dimethyl-4,4-methylene-bis-
(cyclohexylamine) (DMC) (Sigma Aldrich Co. LLC/Merck KgaA,
Darmstadt, Germany). The needed ratios of DGEBA and DMC
(see Table 2) were calculated using epoxy equivalent weights
(ratio 100 : 35), and 10 wt% of the total batch size was replaced
with hb-FRs or the benchmark FR Bisphenol A bis(diphenyl
phosphate) (BDP) (ICL-IP, Tel-Aviv, Israel). All samples needed
for measurements were prepared in one batch in the following
manner: the respective 41b-FR was placed in a 1 L polypropylene
cup, then DGEBA was added and the chemicals were blended
with a wooden spatula until they became homogeneous. DMC
was added, and the mixture was thoroughly mixed. Any result-
ing bubbles were removed in vacuo. The compounds were
poured into prepared aluminum molds, and then cured in an
oven at 90 °C for 30 minutes, at 120 °C for 30 minutes, and at

Table 2 Composition of FR thermosets

Content [g]

Material EP EP-1 EP-2 EP-3 EP-4
DGEBA 222.2 200 200 200 200
DMC 77.8 70 70 70 70
1 — 30 — — —

2 — — 30 — —

3 — — — 30 —

4 — — — 30
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150 °C for 1 hour. UL-94 and LOI samples were cut into speci-
fied dimensions and stored under climate control prior to
testing for at least 48 hours according to the respective
standards.

Conclusions

Phosphorus-containing hyperbranched polymers for use as
multifunctional flame-retardant additives for epoxy resins were
synthesized via A, + B; thiol-ene polymerization. A systematic
library of P-O and P-N containing polymers allowed the
adjustment of the decomposition mechanism. Results from
DSC and TGA experiments showed that T, and residue yield
after pyrolysis increased linearly with the N-content of the Zb-
FRs, and those FRs with a higher N-content were thermally
more stable than those with a higher O-content. This was
determined to result from a change in the decomposition
mechanism which was proposed herein, and that a crucial
O:N-ratio determined the pathway. Investigations of flame-
retardant epoxy resins provided further evidence of the shift in
the chemical decomposition mechanism and ultimately mode
of action: all materials exhibited a condensed phase mecha-
nism, as exemplified by the appearance of P-signals in hot
stage FTIR measurements, the increase in residue yields in
cone calorimeter measurements, and the high amount of the
P-content in these residues as determined by elemental ana-
lysis. However, hb-FRs with a higher O-content exhibited a
stronger reduction in the effective heat of combustion, signify-
ing a more pronounced gas phase mechanism. This was sup-
ported by CO-yield comparison (see the ESIT) which showed
that 41b-FRs with a higher N-content more strongly affected the
combustion efficiency. SEM and residue analysis also illus-
trated the intumescent characteristic of these FR additives. All
hb-FRs were compared to the benchmark FR BDP and the
results from all measurements demonstrated the ability of
these aliphatic FRs to perform at a similar or superior level to
an aromatic compound, even at low loadings (P-content in EP
< 1%). The hb-FRs’ ability to mitigate some of the drawbacks
of low molecular weight aliphatic FR additives, such as high
volatility, low miscibility, poor cohesion in the matrix (leaching
or blooming), or strong impact on Ty, speaks for their practical
use as multifunctional flame retardant additives and show-
cases the enormous potential hyperbranched polymers can
have in developing future materials in the field of flame
retardancy.
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Structure Characterization: 'H and 3P NMR
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Figure S1. 'H NMR (300 MHz in CDCl; at 298 K) of hb-polyphosphoramidate (3).
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Figure S2. 'H NMR (300 MHz in CDCl; at 298 K) of hb-polyphosphorodiamidate (2).
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Figure S3. *H NMR (300 MHz in CDCl; at 298 K) of hb-polyphosphoramide (1).
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Figure S4.3'P {H} NMR (121 MHz in CDCl; at 298 K) of hb-polyphosphate (4).
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Figure S5.31P {H} NMR (121 MHz in CDCl; at 298 K) of hb-polyphosphoramidate (3).
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Figure S6. 3'P {H} NMR (121 MHz in CDCl; at 298 K) of hb-polyphosphorodiamidate (2).
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Figure S7.3'P {H} NMR (121 MHz in CDCl; at 298 K) of hb-polyphosphoramide (1).

Polymerization study

Table S1. Variation of polymerization conditions at different A,:B; ratios. A, is 1,2-ethanedithiol and B; is
tri(hex-5-en-1-yl)phosphate.

Ratio* CL @ time until CL/ min M, / g mol? M,, / g mol? PDI Yield / %
10:5 | Yes 180 - - - -
5:6 Yes 24 - - - -
5.7 Yes 103 - - - -
5:8 Yes 120 - - - -
5:9 No - 4,300 53,400 12.44 87
5:10 No - 3,400 11,300 3.29 82
5:11 No - 3,000 7,900 2.66 79

* molar feed ratio of functional groups, i.e. thiols : double bonds.

Material Properties: Differential Scanning Calorimetry

Table S2. Glass-transition temperatures (T,) of hb-FRs determined via differential scanning calorimetry
(DSC).

hb phosphate (4) hb amidate (3) hb diamidate (2) hb amide (1)

T./°C 94 -81 -62 48

Pyrolysis: Thermogravimetric Analysis of hb-FRs

Table S3. Results from thermogravimetric analysis (TGA) of hb-FRs under pyrolytic conditions (N, flow =
30 ml min, heating rate = 10 K min?).

hb Amidate hb Diamidate hb Amide

Material hb Phosphate (4) 3) 2) (1)
Tsy / °C 24112 245+ 3 194+ 5 190 £ 3
T,/°C ; -

(prLceeding main decomposition step] 257 t 5 273 t 3
Tman ! "G onsten 274+ 3 2810 359 + 2 361+ 4
T,/ °C

[15‘zsubsequent decomposition step] - 335 t 4 - -
T5/°C

[2’3 subsequent decomposition step] - 481 t 0 461 i3 428 t 3
Residue / wt.-% (at 700 °C) 11+1 120 14 +1 180




Proposed decomposition mechanisms: Hydrolysis

Scheme S1. Proposed decomposition mechanism of hydrolysis reactions during pyrolysis.
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Hydrolysis reactions of phosphates/-amides (Scheme S2) produce phosphates that act as acid catalysts,
thereby promoting further hydrolysis reactions.! For terminal units and linear units in our P-FRs, two
hydrolysis pathways could occur: either the P-(0-CgH;4) or P-(NH-CgH;4) bond can be hydrolyzed, leading
to the production of 5-hexene-1-ol or 5-hexene-1-amine, respectively (side chain reaction in linear and
terminal units), or alternatively, the P-(O-R) or P-(NH-R) bond connecting the unit to the polymer
backbone is hydrolyzed (main chain reaction). Main chain reactions yield new functional groups which
could undergo further coupling reactions, e.g. transesterification.? Sufficient hydrolysis reactions lead to
the cleavage of the phosphorus-containing moiety from the main chain. Complete hydrolysis leads to the
formation of phosphoric acid,?® which typically polymerizes under these conditions to polyphosphoric
acid or inorganic glasses in the condensed phase.*



Proposed decomposition mechanisms: cis-Elimination

Scheme S2. Proposed decomposition mechanism of elimination reactions during pyrolysis.
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Besides hydrolysis, elimination reactions (Scheme S3) involve the hydrogen atom in the cis-position
(relative to the P=0 bond) of the B-CH, moiety of the hydrocarbon chain.>” Here, hydrogen bonding
facilitates the cleavage of the (O-C) or (N-C) bond, generating either 1,5-hexadiene (side chain reaction)
or a terminal allyl group (main chain reaction), the latter forming new vinyl groups that undergo cross-
linking reactions during decomposition, e.g. via radical initiation or cyclization. For N-containing hb-FRs,
elimination reactions could produce P=N bond, which could further lead to the formation of
phosphazenes, phosphorus oxynitrides, or other (P-O-N), compounds in the condensed phase through
rearrangement and polymerization processes during thermal decomposition.??®

Proposed decomposition mechanisms: Inter-/intramolecular reactions

Scheme S3. Proposed decomposition mechanism of inter- and intramolecular reactions during pyrolysis.
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Additionally, inter- and intramolecular reactions (Scheme S4) can occur between two separate
molecules, two moieties of the same hyperbranched polymer, or between the FR and matrix. These
reactions occur in nitrogen-containing compounds like phosphoramidates, -diamidates, and amides.
While the secondary amine acts as a base, the amine hydrogen attacks the pentavalent P of a P-N bond
in the vicinity.'0 As a result, 5-hexene-1-ol is produced in an addition-elimination-type reaction. For
nitrogen-containing compounds, inter- and intramolecular reactions, as well as rearrangements, may
also lead to the formation of thermally stable phosphazenes, phosphorus-oxynitrides, and other (P-O-N),

species.1t 12






Proposed decomposition mechanisms: Sulfur components

Scheme S4. Proposed decomposition mechanism leading to the formation of cyclic sulfur-components
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The scission of C-S-bonds of cis-elimination products (see Scheme S2) could lead to C¢H4,S and C,H,S
fragments. Cyclisation of the former leads to 4-methylthiane, 2-ethylthiophane, or thiepane, and
cyclisation of the latter yields thiirane, which may dimerize to form 1,4-dithiane.
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Figure S8. Mass spectra from Py-GC-MS measurements at a retention time of 2.6 min (blue region in
Figure 4), assigned to 1,5-hexadiene.
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Figure S9. Mass spectra from Py-GC-MS measurements at a retention time of 2.63 min (yellow region in
Figure 4), assigned to thiirane.
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Figure $10. Mass spectra from Py-GC-MS measurements at a retention time of 6.1 min (purple region in
Figure 4), assigned to 5-hexene-1-amine.
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Figure S11. Mass spectra from Py-GC-MS measurements at a retention time of 6.6 min (purple region in
Figure 4), assigned to 5-hexene-1-ol.
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Figure S12. Mass spectra from Py-GC-MS measurements at a retention time of 7.8 min (yellow region in

Figure 4), assigned to 4-methylthiane.
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Figure S13. Mass spectra from Py-GC-MS measurements at a retention time of 8.2 min (yellow region in
Figure 4), assigned to 2-ethylthiophane.
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Figure 4), assigned to thiepane.
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Surface Etching

etching in dichloromethane under cryogenic conditions; (c) illustrated cut block used in etching

Figure S16. Electron microscopy images of EP-4: (a) SEM image of surface; (b) SEM image of surface after

experiments; (d) TEM image of surface stained with ruthenium tetroxide, showing no phase separation.

Glass-transition temperature from Differential Scanning Calorimetry
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Figure S17. DSC curves of hb-FRs and noted glass-transition temperature (T)
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Figure $18. DSC curves of EP-hb-FRs and noted glass transition temperature (T,).
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Pyrolysis: Thermogravimetric Analysis of EP-hb-FRs

Table S4. Summary of TGA mass loss experiments of epoxy resins and flame retarded variants.

Ma;?_lg/ss/ Mass loss/  Massloss/  Residue
Material Tsy, | °C Tmax! °C  Tshouder/ °C (0 re;m;in wt.-% wt.-% / wt.-%
p step) (main step) (shoulder) (700 °C)
DGEBA-DMC 337.6+0.9 3724 +1.0 424.0+5.0 - 62.0+£0.8 332+03 45%0.1
+ BDP 304.1+1.2 357.3+0.3 423.2+0.1 - 746+0.2 16.1+0.3 8.2+0.1
+ hb Phosphate (4) 288.6+ 1.4 350.8+1.2 4238+58 19.9+0.1 54.6 £ 0.1 232+07 7.7+0.1
+ hb Amidate (3) 293.8+3.2 351.8+0.3 421.3+39 - 77.8+04 15002 6.8+04
+ hb Diamidate (2) 286.6 £ 2.3 351.9+2.0 423.2+0.1 44+0.2 69.8 0.1 16.8+0.2 8103
+ hb Amide (1) 282.6+0.9 350.7+1.2 4205+ 0.5 3.0+£0.1 74.7+0.3 129+0.2 8.0+0.2
Pyrolysis: Condensed Phase Analysis
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Figure S19. Condensed phase FTIR spectra of EP and EP-FRs at specific T via hot stage FTIR
measurements. Dotted lines: EP signals; solid lines: P signals.

Table S5. Various phosphorus FTIR signals from literature compared to measured signals.

Measured [cm™] Literature [cm™] Group
2200-23601 R,~(P=5)=0
2362 2600-254013 R-(S-H)
1100-1400 (cyclic compound)** _
1400 1230-1500 (acyclic compound) v(P=N)
1400 1380-1425%> (P-N-Ph)
1297-1276 1300-1250%° v(P=0);
1297-1276 1346-1255%3 Veym(P-CH3)
1155 1240-1180%° R,-(P=0)-OH
1240-1190% P-O-(Aryl-C)
— 13 -
1089 1130-1090 v(P-Ph)
1050-1030%5 P-O-(Alkyl-C)
1023 1130-1090%> Phosphate (inorganic)
1040-909%3 v(P-OH)=0
. 99088515 P-O-P
877 (wide) 977-842 (interacts with P-O-C)3  8,55(P-H)
765, 690 754-63413 v(P-C)
604, 518, 495 54048514 Vgeal(C-C)

16



Hot Stage FTIR analysis was used to determine the changes in chemical structure of EP-hb-FRs in the
condensed phase; spectra are from 100 °C, 300 °C (between Tsy and T,,.,), 500 °C (after T,.), and 600 °C
(Figure S19). At T > T, i.€. the spectra at 500 and 600 °C, the disappearance of characteristic DGEBA-
DMC bands of the EP was detected, due to thermal decomposition of the matrix as previously reported.1®
At T =600 °C, there were only very few characteristic bands visible and the spectrum was very noisy due
to complete decomposition. Especially bands at 1510 cm™ (bisphenol A) and at 1224 and 1028 cm? (2-
hydroxytrimethylene) showed a strong decrease in absorption due to volatilization of bisphenol A units.
The EP-hb-FR spectra revealed the appearance of bands which were assigned to various phosphorus-
containing species at T = 500 °C and especially at T = 600 °C (Table S5). Crucially, the band at 1400 cm™
corresponding to (P=N) or (P-N-Ph) stretching vibrations and is visible for the resins with N-containing FRs,
which correlates with previous investigations of the monomeric FR variants. This band was visible for EP-4
as well, indicating that 4 interacts with the decomposing EP’s amine component. The broad band between
1350-1250 cm™ was assigned to the (P=0) or (P-CHj;) stretching vibration. The bands at 1155 cm™ and the
strong signal at 1089 cm™ belong to (P=0) or aromatic hydrocarbons bound to phosphorus. The absorption
band at 1089 cm™ has also been noted in (-P-O-P-0) containing structures.'” The broad band at 877 cm*!
was identified as those from di-substituted aromatic rings,'® 1° but may also indicate the presence of (P-
0O-P) bonds.?° The two bands at 765 and 690 cm™ indicated the formation of (P-C) bonds.

Flammability: Reaction to Small Flames

EP and all EP-FRs were tested via UL-94 and limiting oxygen index (LOI) experiments to ascertain their
flammability characteristics and reaction-to-small-flame behavior. The results of these experiments are
summarized in Table S6. EP exhibited an oxygen index (Ol) of 18.7 vol.-% in LOI experiments and the
addition of FRs increased Ol above 22 vol.-%. The benchmark FR BDP increased Ol to the highest value of
all tested materials (24.0 vol.-%). For hb-FRs, EP-4 displayed the lowest Ol of all tested materials (22.1
vol.-%), and the Ol increased with increasing N-content in the P-binding sphere, with EP-1 presenting the
highest Ol of all hb-FRs (23.3 vol.-%). Although the change in Ol is not very pronounced, it is explained by
the decomposition mechanism described in Scheme 2: hb-FRs with more (P-N) bonds form thermally
stable char and suppress flammability more effectively than those materials with higher amounts of (P-O)
bonds.

Table S6. Results of reaction-to-small-flame tests LOI and UL-94 for EP and EP-FRs.

EP EP-1 EP-2 EP-3 EP-4 EP-BDP
LOI
0,/ 18.7+0.3 23.3+0.2 22.6+0.2 22.5 22.1+0.2 24.0%0.2
vol.-% +0.2
UL-94
Classification HB HB HB HB75 HB HB
Burn speed / 31.7+3.6 22.0+0.7 27.0+0.1 41.8+1.5 27.7+4.4 19.6+3.6
mm st

The UL-94 test results highlighted that all materials fail to attain a V-classification due mainly to the intense
burning and the flaming dripping of the EP matrix. In horizontal tests, all materials achieved an HB
classification, except EP-3. EP showed a burn speed of 31.7 mm s, and EP-BDP attained the lowest burning
speed at 19.6 mm s. EP-hb-FRs exhibited lower burning speed than EP, and EP-1 had the lowest value
(22.0 mm s1). The reduction in burning speed in UL-94 tests also point to a reduction of flammability with
increasing P-N bonds of the hb-system for the same reason. The reaction-to-small-flames experiments
highlight that higher loadings than the chosen FR load (10 wt.-%) are necessary to attain Ol-values and V-
classification required for high-performance materials.?! However, it must be stated that the results
exemplify that a reduction of burning speed and a relative increase in Ol of approx. 18-26% was possible
already at relatively low loadings, signifying the efficacy of hb-FRs in EP.

Fire Behavior

Table S7. Maximum average rate of heat emission (MARHE) and fire growth rate (FIGRA) of EP and EP-
FRs via cone calorimeter measurements.
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EP EP-1 EP-2 EP-3 EP-4 EP-BDP

MARHE 732 +24 571 +£25 560 +16 439 13 466 £14 546 +12
/ kWm-2

FIGRA 15.5+2.3 10.0 £0.1 8.1+0.1 7.5 £0.6 9.0 £0.2 11.0 £0.7
/ kWm2s1

The maximum average rate of heat emission (MARHE, from DIN CEN/TS 45545) and fire growth rate
(FIGRA, from EN 13823) are used to assess fire protection behavior and help to quantify combustion and
flame inhibition into tangible values (Table S7). For EP, the MARHE was 732 kW m2 and the FIGRA was
15.5 kW m?2s?1. EP-BDP displayed a 25% lower MARHE (546 kW m?2) and a 29% lower FIGRA
(11.0 kW m2 s1). Furthermore, all EP-hb-FRs exhibited a 22—-36% reduction in MARHE and a 35—-48% lower
FIGRA. All hb-FRs reduced FIGRA more strongly than BDP, while only 3 and 4 lowered the MARHE more
strongly than BDP. Although there are differences among the respective hb-FRs in terms of lowering PHRR,
THE, MARHE, and FIGRA, the results speak for the ability of the chemical superstructure of the hb-FRs to
perform on equal terms to an aromatic benchmark FR under forced flaming conditions, further illustrating
their multifunctional abilities.
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Figure S20. Carbon monoxide (CO) production over t of EP and EP-FRs during cone calorimeter
measurements.

Table S8. CO yields (COY)
EP EP-1 EP-2 EP-3 EP-4 EP-BDP
coy 9.0£1.0 12.9 £0.5 9.8 0.2 9.4 1£0.1 9.910.1 11.3+0.7
/102 gg*

Figure S20 shows the carbon monoxide (CO) production during cone calorimeter measurements, and CO
yields (CQY) are displayed in Table S8. The CO production during combustion is crucial to understanding
the FR effect: a reduction in X (combustion efficiency) is accompanied by an increase in CO and smoke
production, as they are byproducts of an incomplete combustion. Consequently, efficient flame inhibition
is intrinsically accompanied by an increase in COY.?? EP showed a CO yield of 9.0 - 102 g g%, while EP-BDP
exhibited a 26% increase in COY. The hb-FRs increased COY by 4-43%: EP-1 showed the largest COY
increase (43%), indicating the most incomplete combustion for this material, while EP-3 displayed the
lowest relative COY increase at 4%. Table 1 also compares the material’s EHC, which is a parameter for gas
phase activity, and a reduction in EHC signifies effective flame inhibition.?* BDP, 3, and 4 lowered EHC in
EP by 16, 6 and 10%, respectively, while 2 had no effect on EHC of EP, and 1 actually increased EHC by 5%.
These results provide further evidence that hb-FRs with higher O-content in the binding sphere of P show
a stronger gas phase mechanism resulting in lower EHC, while those with higher N-content present a more
pronounced condensed phase mechanism that leads to a decreased combustion efficiency and higher CO
yield. These findings correlate well with the mass loss behavior of hb-FRs under pyrolysis, where a critical
O:N ratio governed the decomposition behavior.
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Residue analysis:

The residues from cone calorimeter tests were investigated via scanning electron microscopy (SEM) and
elemental analysis to understand the micro- and macroscopic effects of hb-FRs on EP. The residues in
Figure S21 exemplify the condensed phase effect of hb-FRs: Figure S21a shows an EP specimen before and
Figure S21b displays the residue after cone calorimeter measurements. EP combusted almost completely
with only a very small residue amount (0.7 wt.-%). For EP-hb-FRs (Figure S21d,e,h,i), the formation of char
fixed fuel into the condensed phase leading to increased residue yields (7-12 wt.-%). The residues had a
puffy, foam-like structure. The voluminous structure pointed to an intumescent system, as evidenced by
the swollen characteristic of the char-structure averaging at 4 cm in height (Figure S21e,i). Cross-sections
of the residues revealed a multicellular structures, and SEM images from the residue surfaces (Figure
S21f,j) and cores (Figure S21g,k) provided further evidence of an intumescent system.?*2> The morphology
of the residue cores consisted of a 3-D network of bubble-like surfaces with an open cell structure.?® The
bubbles’ diameter ranged from <300 um for EP-1 to roughly 500 um for EP-4. The surface images exemplify
that the protective layer of the intumescent char relied on the formation of bubbles insulating the
underlying material from irradiation. The bubbles near the top of the sample were exposed to radiation
and thermo-oxidation after flame-out, leading to a fusing of the cells and the formation of a rough
carbonaceous surface topography. This explains the phenomenon seen in cone calorimeter
measurements, where a decline in HRR and a small plateau-like shape of the HRR(t) curve roughly 20-30 s
after the ignition was observed. The decomposing material formed an intumescent foam and when the
top layer decomposed, its insulating properties diminished, resulting in renewed decomposition of the
underlying material. Notably, the bubble-size for EP-4 were larger than those in EP-1. This phenomenon
results from increased partial pressure inside the material caused by the higher gas production of EP-4
during decomposition, which led to better thermal insulation and lower PHRR.

(a) 2 BAM @) n

(b) R

Figure S21. Residue analysis of samples after cone calorimeter experiments; (a) Image of EP specimen
before measurement; (b) EP specimen after measurement, exhibiting little residue; (c) P-content in gas
(blue) and condensed (red) phase, calculated via elemental analysis of residues; (d,h) Residue image (top
view) of EP-4 and EP-1; (e,i) Residue image (profile view) of EP-4 and EP-1; (f,j) SEM images of EP-4 and
EP-1 residue surface; (g,k) SEM image of EP-4 and EP-1 residue core.

Figure S21c portrays the P-content in the condensed phase (red) of residues after cone calorimeter
measurements via elemental analysis. The amount of P present in the gas phase (blue) was calculated by
subtracting the measured mass of P in the residue from the calculated mass of P in the initial EP-FR. As
Figure S21c shows, BDP had 17% P-content in the condensed phase, meaning 83% of P went into the gas
phase, which is in accordance with previous findings.® 27 Figure S21c also displays that, while there are
differences in the P-content among them, all hb-FRs exhibited between 67-77% P-content in the
condensed and 23-33% in the gas-phase. This corresponds well with the increase in residue yields of EP-
hb-FRs in forced-flaming tests and showcases the ability of hb-FRs to retain fuel via specific reactions of P
in the condensed phase. It should be noted that the elemental analysis was performed on residue samples
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taken after cone calorimeter measurements (end of test) and not specifically at flame-out, meaning there
is substantial thermo-oxidation of the sample. As many (P-N)-containing species are not thermally stable,
their decomposition during thermo-oxidation explains the lower P-content of EP-1 and EP-2 samples.

However, when comparing hb-FRs to their low molar mass monomers, the results from elemental analysis

point to a shift in mode of action. In previous findings, the monomer of 1 exhibited an 80% P-content in
the condensed phase, while the monomer of 2 displayed 55% P-content in the gas phase.?® This change in
condensed phase activity can be rationalized by the increase in chemical interaction between EP and FR

during combustion due to the higher thermal stability of hb-FR, further highlighting the multifunctional

capabilities of P-FRs with complex molecular architectures.
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Abstract

The current trend for future flame retardants (FRs) goes to novel efficient halogen-free
materials, due to the ban of several halogenated FRs. Among the most promising alternatives
are phosphorus-based FRs, and of those, polymeric materials with complex shape have been
recently reported. Herein, we present novel halogen-free aromatic and aliphatic
hyperbranched polyphosphoesters (hbPPEs), which were synthesized by olefin metathesis
polymerization and investigated them as a FR in epoxy resins. We compare their efficiency
(aliphatic vs. aromatic) and further assess the differences between the monomeric compounds
and the hbPPEs. The decomposition and vaporizing behavior of a compound is an important
factor in its flame-retardant behavior, but also the interaction with the pyrolyzing matrix has
a significant influence on the performance. Therefore, the challenge in designing a FR is to
optimize the chemical structure and its decomposition pathway to the matrix, with regards to
time and temperature. This behavior becomes obvious in this study, and explains the superior

gas phase activity of the aliphatic FRs.
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Abstract: The current trend for future flame retardants (FRs) goes to novel efficient halogen-free
materials, due to the ban of several halogenated FRs. Among the most promising alternatives
are phosphorus-based FRs, and of those, polymeric materials with complex shape have been
recently reported. Herein, we present novel halogen-free aromatic and aliphatic hyperbranched
polyphosphoesters (hbPPEs), which were synthesized by olefin metathesis polymerization and
investigated them as a FR in epoxy resins. We compare their efficiency (aliphatic vs. aromatic) and
further assess the differences between the monomeric compounds and the hbPPEs. The decomposition
and vaporizing behavior of a compound is an important factor in its flame-retardant behavior, but also
the interaction with the pyrolyzing matrix has a significant influence on the performance. Therefore,
the challenge in designing a FR is to optimize the chemical structure and its decomposition pathway
to the matrix, with regards to time and temperature. This behavior becomes obvious in this study,
and explains the superior gas phase activity of the aliphatic FRs.

Keywords: phosphorus; metathesis; dendritic; cone calorimeter; fire test

1. Introduction

The overlap of the decomposition temperatures of a flame retardant (FR) and its polymer matrix
is essential for its effectiveness in the case of fire [1-4]. Aromatic polymers typically have higher
thermal stability than aliphatic polymers. In the case of a FR, this higher thermal stability influences at
which temperatures the active species are available in the gas phase. An important example of this
behavior was reported for brominated aromatic and aliphatic FRs in polypropylene. The thermal
decomposition of aliphatic FRs starts below the thermal decomposition of polypropylene, which leads
to a good performance in this matrix. Aromatic FRs decompose after polypropylene and therefore, at
the decomposition temperature of polypropylene, no optimal debromination is achieved, resulting in
mediocre performance [5].

Here, we compared an aromatic with an aliphatic hyperbranched polyphosphoester (hbPPE)
prepared via acyclic triene metathesis (ATMET) polymerization as additive FRs in epoxy resins
(Scheme 1). We discuss the structure-property relationship and utilize thermal analysis to understand

Molecules 2019, 24, 3901; d0i:10.3390/molecules24213901 www.mdpi.com/journal/molecules
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the flame-retardant mechanism and investigate the influence of the higher thermal stability of the
aromatic compounds and the resulting availability of phosphorus in the gas phase [5].
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Scheme 1. Chemical structures of the investigated polymers: a) the aromatic poly-1 and b) the
aliphatic poly-2.

In spite of their high flammability, the excellent mechanical and insulating properties of epoxy
resins have led to their widespread application as lightweight material products for construction
or electrical equipment. In 2016, the market for epoxy resins had a volume of US$ 21.5 billion [6].
Typically, epoxy resins are treated with FRs in many applications.

For several decades, halogenated FRs were used as effective FRs. However, in recent years, due
to their potential harm to health and environment, their use has been legislatively restricted around
the world, promoting a growing demand for halogen-free alternatives, of which phosphorus is an
attractive alternative [7]. Phosphorus in the gas phase is reported to be similar or even superior to
hydrogen halides like HBr [8], has attractive plasticizing properties [9], adjustable hydrophilicity [10]
and potential degradability [11] and biocompatibility [12].

The versatility of polymer chemistry was used to address problems of low molar mass FRs,
such as poor matrix compatibility, leaching or migration out of the polymer matrix. In the literature,
polyphosphoesters are gaining increased attention as a promising class of polymeric FRs because of
the aforementioned reasons and their versatile chemistry that allows tuning their chemical structure to
control degradation behavior and matrix compatibility. Branched polymers with their high number of
reactive or end-groups, lower intrinsic viscosities and higher matrix compatibility compared to linear
polymers are interesting candidates for flame retardant additives [13-16]. Also, PPEs can be prepared
as branched polymers, typically relying on the pentavalency of phosphorus [17]. However, the majority
of hbPPEs reported in literature are aliphatic materials, only a few publications have reported on
aromatic hbPPEs [18-22]. The field is dominated mostly by classical linear aromatic phosphates, such
as resorcinol bis(diphenyl phosphate) or bisphenol A bis(diphenyl phosphate) due to their good flame
retardant performance, but typically with relatively low molar mass and definition [23-25]. To further
understand the flame retardant mechanism and improve performance, additional research in the field
of hbPPEs is necessary and this work contributes to this development.

2. Results

Acyclic diene metathesis polymerization (ADMET) is a versatile technique to prepare a broad
range of linear functional polymers [26-30]. Olefin metathesis is also able to polymerize an A3
monomer without any complementary B, monomer needed to give a hyperbranched structure [15].
For the synthesis of aromatic hbPPEs via acyclic triene metathesis (ATMET) polymerization,
an aromatic phosphoester with vinyl groups is mandatory. In this study, the synthesis of
tris(p-vinylphenyl)phosphate (1) was performed in a single reaction step from POCl3 and 4-vinylphenol
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without further purification such as distillation or chromatography, thus obtaining the Az-monomer in
high purity and yield (Figure 1a). The resulting monomer is a liquid at room temperature and has a
phosphorus content of 7.66 wt.-%. 1 is soluble in aromatic solvents (e.g., toluene) and halogenated
solvents (e.g., dichloromethane and chloroform), and insoluble in water. 1 proved thermally stable until
a temperature of 127 °C (measured by TGA), at which the vinyl groups undergo radical cross-linking,
due mainly to the electron-withdrawing resonance effect of the adjacent phosphate at the ring. The
cross-linking-reaction was proven by heating 1 to 300 °C in a silicon form for 2 h producing a hard,
cross-linked PPE (Figure S23).
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Figure 1. (a) Synthesis scheme of tris(p-vinylphenyl)phosphate (1) and poly(tris(p-vinylphenyl)
phosphate) (hbPPE); (b) IH NMR spectra of 1; (c) IH NMR spectra of poly-1; (d) 31p NMR spectra of 1;
(e) 3'P NMR spectra of poly-1; (f) 'H3'P HMBC spectra of poly-1; (g) SEC curves of poly-1 before and
after precipitation in Toluene.

1 was used as a novel Az monomer for the ATMET polymerization to produce poly-1. The
protocol of the ATMET polymerization of 1 is described in Figure 1 a and in detail in the Experimental
Part. The monomer was dissolved together with the respective Grubbs catalyst in a 37 wt.-% solution
of 1-chloronaphthalene at 40 °C and the polymerization was conducted for 5 min in vacuo. Poly-1
was used as a flame-retardant additive in epoxy resins after precipitation into cold hexane. No
polymerization in the bulk conditions at 60 °C was observed, probably due to the high viscosity of the
monomer. We carried out polymerizations with Grubbs 1 generation catalyst at 40 °C and 60 °C, but
almost only oligomers were observed (M < 1200 g mol~! from size exclusion chromatography (SEC),
Figure S1). When Grubbs Hoveyda 2" generation catalyst was used, a broad range of molecular
weights was obtained, depending on the reaction conditions (Table S1 and Figure 1g). SEC showed a
molar mass of ca. My 3000 g mol~! with dispersity M.w/My = 3 after 120 min of reaction. However,
when the addition of the catalyst was carried out in two phases, higher apparent molar masses of ca.
M, 4800 g mol~! with broad molar mass distribution (My/Mn = 11) were obtained. Longer reaction
times led to cross-linking of the material. To prevent cross-linking, the reaction can be terminated by the
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addition of ethyl vinyl ether or methyl acrylate. The resulting polymer was partially soluble in aromatic
solvents (e.g., toluene) but proved highly soluble in halogenated solvents (e.g., dichloromethane and
chloroform). Extraction of the crude polymer with toluene resulted in the precipitation of the high
molecular weight fractions, providing a poly-1 sample with a molar mass of ca. My 11,500 g mol~! and
Myw /My = 1.7 from SEC (Figure 1g).

The polymerization of 1 was followed by 'H NMR spectroscopy (Figure 1b,c). After
polycondensation, the resonances of the terminal double bonds at 5.16 ppm, 5.61 ppm and 6.59
ppm decreased, and a new signal at 6.92 ppm for the internal double bonds was detected. The 3!P NMR
spectrum revealed a distinct signal at the same chemical environment (-17.73 ppm) of the monomer
(Figure 1d,e).

In addition to the aromatic poly-1, we also synthesized the aliphatic analogue from
tri(hex-5-en-1-yl)phosphate (2) by ATMET polymerization (cf. Figure 2a and Experimental Part).
Grubbs 1st generation catalyst was used for the polymerization which was terminated after ca. 15 min
by the addition of ethyl vinyl ether, before cross-linking occurred and precipitated into hexane. The
reaction was performed at 1 g and several polymer batches were combined to conduct the flame
retardancy tests (after combining the different batches, SEC of the mixture showed a molar mass of ca.
My, 4400 g mol ™! (Figure S24)).
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Figure 2. (a) Synthesis scheme of tri(hex-5-en-1-yl)phosphate (2) and poly(tri(hex-5-en-1-yl)phosphate)
(poly-2); (b) 'H NMR spectra of 2; (¢) "H NMR spectra of poly-2; (d) 3!P NMR spectra of 2; (e) 3P NMR
spectra of poly-2; (f) 1H31p HMBC spectra of poly-2.

The successful polymerization of 2 was followed by 'H NMR spectroscopy. The signals of the
terminal double bonds at 5.81 ppm and 5.15 ppm decreased, whereas an additional signal for the
internal double bonds at 5.40 ppm was detected (Figure 2b,c). No shift in the phosphorus signal was
observed, as the distance between the reactive olefins and the phosphorus is separated by the long
alkyl chain (Figure 2d,e). The increase in thermal stability of poly-2 compared to 2 was marginal
(Ton, 10%; poly-2 = 206 °C and Ton, 10%; poly-2 215°0).
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2.1. Thermal Characterization of FRs

The analysis of both polymers by differential scanning calorimetry (DSC) revealed a large difference
in the glass transition temperatures (Tg): poly-2 with its long and flexible aliphatic chains between the
phosphate groups exhibited a low Tg of —66 °C. In contrast, poly-1 exhibited a Tg which was 126 °C
higher (T, poly-1 = 60 °C) due to the rigid aromatic groups [31]. This difference in Ty also impacts the
Tg of the final FR-containing epoxy resins and therefore must be considered. If a plasticizing-effect on
the final FR epoxy resin is desired, the aliphatic FR may eliminate the need for additional plasticizer.

2.2. Pyrolysis: Thermal Decomposition via Thermogravimetric Analysis

The decomposition of the FRs under pyrolytic conditions was investigated using
thermogravimetric analysis (TGA) (Figure 3). During a fire, the burning is dominated by anaerobic
pyrolysis producing volatile fuel, which is then combusted in the flame. This model is accurate for
most polymeric materials in fire scenarios such as developing fires [32]. Therefore, it is also applicable
for fire tests of polymeric materials like flaming combustion in the cone calorimeter. Moreover, the
model applies to reaction to small flame tests such as limited oxygen index (LOI) and UL 94, where
the extinguishment of a flame is monitored. TGA under nitrogen is the most common analytical
method to investigate the pyrolysis controlling the burning of polymeric materials [32]. The mass
loss curve of 1 has two distinct decomposition steps: the first mass loss step of 1 at Tge. = 143 °C
is likely due to the cleavage of PO-Ar or P-OAr bonds. This behavior is indicated by the release of
aromatic compounds which were identified by TGA coupled with FTIR spectroscopy (Figure S11). The
resulting radicals of the bond cleavage initiate a radical polymerization reaction of the vinyl groups,
resulting in a cross-linked polymer. This increase in molar mass prevents any further release into
the gas phase. In contrast, poly-1 has a steady decrease in mass; it has only few free double bonds
available which allow for further cross-linking. Consequently, end-groups are continually eliminated.
The second decomposition step is the main decomposing step of the material, which is at the maximum
degradation temperature Tmax = 470 °C for 1 and at Tmax = 435 °C for poly-1. The slight reduction in
Tmax for poly-1 is explained with the fact that poly-1 has only few vinyl groups for post cross-linking
available; therefore, 1 is more efficient in its cross-linking reaction during the first mass loss step,
resulting in a high molar mass, cross-linked network. The aliphatic compounds only experience one
decomposition step, which is at much lower temperatures compared to the aromatic compounds. The
difference between 2 and poly-2 is only marginal with 19 °C (Tax, 2 = 250 °C, Tax, poly-2 = 269 °C).
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Figure 3. Top: Mass loss rate over temperature of pure flame retardants and the pure epoxy resin.
Bottom: Pyrolysis investigations via thermogravimetric analysis (TGA; 10 K min~!; N,); increase of
residue yield from aliphatic to aromatic and from monomeric to polymeric.

Considering the decomposition temperature of the epoxy resin (EP, based on bisphenol A
diglycidylether (DGEBA) and 2,2’-dimethyl-4,4’-methylene-bis-(cyclohexylamine) (DMC), (Tmax, epoxy
= 366 °C)), another important observation was made: The aliphatic FRs decomposed at lower



Molecules 2019, 24, 3901 6 of 15

temperatures than the matrix, whereas the aromatic compounds decomposed at a higher temperatures
than the matrix, resulting in potentially less interaction between matrix and FR (Figure 3). As a
benchmark, the commercially available and industrially-used FR bisphenol-A diphenyl phosphate
(BDP) was chosen, as it was already used successfully in epoxy resins [33,34]. BDP has a decomposition
temperature which is similar to the one of the epoxy resin (Tmax, spp = 409 °C).

There is also a clear difference in residue amounts between the aliphatic and the aromatic materials:
the residue increases from aliphatic to aromatic and from monomer to polymer. Residues increased
from 3 wt.-% (2) to 37 wt.-% for 1 and from 24 wt.-% (poly-2) to 60 wt.-% for poly-1. The large difference
in residues between aliphatic and aromatic compounds is explained by the interaction of phosphorus
species with aromatic components, resulting in polyaromatic residue [35].

2.3. Pyrolysis: Evolved Gas Analysis via TGA-FTIR

During TGA, the evolved gases were analyzed via FTIR (TGA-FTIR), giving insight into the
decomposition products and therefore the process as a whole (Figure S9-512). 2 decomposed in
a single step at 259 °C: its main decomposition products were 5-hexen-1-o0l, 1,5-hexadiene, and a
phosphate-species, as has been previously reported (Figure S9) [36]. poly-2 exhibited disparate
products during decomposition: at 216 °C, the spectrum shares most similarities to 1,3-hexadiene (c,t),
especially by the bands at 999 and 905 cm™!, but also those at 1806, 1605, 1460, 1316, and 1174 cm™!
(Figure 510) [37]. At 259 °C, 2-octene (c,t) and trans-1,4-hexadiene were identified, the former by those
bands at 1460, 1405, and 692 cm™!, and the latter by the bands at 971 and 919 cm~ L. The FTIR spectra
of monounsaturated hydrocarbons share many similarities, and the spectra are likely caused by the
overlap of several species. For 1, the spectrum at 143 °C revealed the production of aromatic products
including p-Cresol, 4-ethylphenol, and p-tolyl acetate, the latter a product of rearrangement reactions,
and identified by the bands at 1786 (C=0) [38,39], 1372, 1011, and 908 cm~! (Figure S11). [37] At 470 °C,
the spectrum revealed the presence of bisphenol A, characteristically seen in the decomposition of
epoxy resins [40-43], providing evidence for cross-linking reactions occurring at elevated temperatures.
For poly-1, two distinct decomposition products were identified at Tmax: at 447 °C, the main product
was phenol, while at 487 °C, the production of benzene was clearly visible by the band at 672 cm™!
(Figure S12).

2.4. Thermal Characterization of FRs in Epoxy Resins

The FR-performance of the aliphatic and aromatic FRs was studied in an epoxy resin (EP) based
on DGEBA and DMC. The epoxy plates were prepared by mixing DGEBA with DMC in the presence
of 10 wt.-% of each FR, pouring the mixture into aluminum molds of desired dimensions, followed by
curing for 3 h at 150 °C. The T of the epoxy resin was 155 °C. Typically, additive FRs act as plasticizers
of the epoxy resin and reduce the glass transition temperature (Ty) [44]. All flame-retarded epoxy
resins with 10 wt.-% 1, poly-1, 2 and poly-2 exhibited lower Tgs by 6-28 °C compared to the epoxy
resin. 1 had almost no influence on the Tg of EP due to its ridged aromatic structure (Tg of EP-1:
149 °C), poly-1 reduced the Tg to 127 °C and EP-BDP lies in between with a Tg of 133 °C. In all cases,
the addition of aliphatic FRs 2 and poly-2 resulted in a higher or equivalent decrease in Tg compared to
the aromatic FRs (T, » =127 °C, Ty poly-2 = 149 °C). This difference in influence on the T was already
expected due to the large difference in Ty of the pure FRs.

2.5. Pyrolysis: Evolved-Gas Analysis via TGA/TGA-FTIR

A crucial step towards understanding the FR mechanisms is analyzing the pyrolysis of the epoxy
resins with FRs by TGA. The epoxy resin had a main decomposition step at 366 °C and therefore no
overlap with the aliphatic or aromatic FRs (except the reference BDP). This behavior is not ideal, since
it reduces the interaction between the matrix and FR. The mass loss curves of EP-2 and EP-poly-1 have
two distinct signals. In the case of EP-2, the low molecular weight compound already boils from the
matrix before the matrix decomposes. This is indicated by the mass loss of approx. 10 wt.-%, which
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is equal to the amount of FR in the epoxy resin. For EP-poly-1, the first mass loss step is explained
with the loss of terminal groups. The temperatures of highest decomposition rate (I'max) of EP-2
(Tmax = 367 °C), EP-1 (Tmax = 359 °C), EP-poly-1 (Tmax = 361 °C) and EP-BDP (T max = 357 °C) are very
close to the Thmax of the neat epoxy resin. However, poly-2 reduced Tmax of EP to 334 °C. The broad
range of decomposition is caused by the broad poly dispersity and the high number of low molecular
weight fractions, which leave the matrix earlier compared to the higher molecular fragments.

The residue at 700 °C increased for all tested FR containing EPs. EP-2 had a low increase to 5.1
wt.-% compared to 4.5 wt.-% of EP. EP-BDP had a residue of 8.2 wt.-%, which was notably higher. EP-1
had a residue of 9.1 wt.-%, while EP-poly-2 and EP-poly-1 were in a similar range with 13.3 wt.-% and
14.7 wt.-%, respectively, the latter presenting the greatest increase in residue yield.

The evolved-gas analysis of FR-containing resins during pyrolysis (Figure S13-516) revealed the
development of decomposition products unique to the individual FRs. All materials exhibited the
spectrum of DGEBA-DMC at 371-375 °C except EP-poly-2, where this spectrum appeared at 349 °C.
The EP-spectrum contained signals from Bisphenol A (e.g., 1603, 1510, 1255, 1176 cm~!) and ammonia
(965,930 cm™1). Only EP-2 contained a phosphate signal (1033 cm™1) [45] at 373 °C (Figure S13). Both
EP-2 and EP-poly-2 exhibited gas production at T < Tmax (266 and 287 °C, respectively): while for EP-2,
the spectrum contained signals from 5-hexen-1-ol (3082, 2936, 1043, 918 cm™') and a phosphate species
(1033 cm™) (Figure S13), the spectrum of EP-poly-2 displayed overlapped signals from 5-hexen-1-ol
as well as longer-chained monounsaturated alcohols, as exemplified by the spectrum of oct-2-en-4-ol
which contains the band at 967 cm™! (Figure S14). These species resulted from the scission of the
aliphatic chain between phosphate-moieties and then rearrangement reactions. For EP-1, the spectrum
at 203 °C revealed the evolution of alkyl-substituted phenols such as p-n-propyl phenol, as identified by
the bands at 1255, 1176 and 830 cm™! which are prevalent throughout substituted aromatic molecules
(Figure S15) [38,39]. Moreover, the spectrum at 437 °C displayed other substituted phenols that are
unlike Bisphenol A, providing further support that 1 forms thermally stable polyaromatic compounds
at elevated temperatures. EP-poly-1 also displayed similar polyaromatic molecules not stemming from
Bisphenol A such as 4-(3-hydroxyisoamyl) phenol at 482 °C (Figure S16), as identified by the lack of
signals at 1332, 747, and 686 cm~! [37].

2.6. Pyrolysis: Condensed Phase Analysis via Hot-Stage FTIR

Investigations via hot-stage FTIR into the condensed phase activity of the FRs in EP revealed
many similarities and some subtle differences between the individual FRs (Figure S17-510). At 100
°C (Figure 517), the spectrum of EP is clearly visible in all materials, yet some additional bands are
visible: for EP-2 and EP-poly-2, the band at 1025 cm™~! was pronounced and may correspond to (P-O)
signals which are strong for the aliphatic FRs [45]. The bands at 1639 and 914 cm~! were present in
EP-2 and EP-1, as these corresponds to vs(C=C) and 800p(C-H) of the vinyl groups, respectively [37,38].
EP-poly-2, EP-1, and EP-poly-1 contained a distinctly strong band at 961 cm™ from 80p(C-H) of
vinylene groups. The band at 734 cm™! in EP-poly-1 may belong to 840p(C-H) of cis-vinylene groups;
these may show higher absorbance in aromatic systems [38,39]. At 300 °C (Figure S18), the spectrum of
EP-poly-2 exhibited the most changes due to advanced decomposition (T5¢, = 249 °C) compared to the
other materials. Here, the band at 1083 cm™! became pronounced; it may correspond to 8,5(P-O-C) or
v(P=0) of Ar,-(P=0)-OH, especially because this band was prominent for EP-1 at 300 °C, but also all
FR-containing spectra at 500 °C, thus implying the formation of aromatic P-compounds [38,39,45]. For
EP-poly-2, the appearance of the strong band at 521 cm™~! may signify the evolution of monounsaturated
hydrocarbons, as cis- and trans-alkenes as well as alkyl-substituted vinylenes exhibit strong signals
from skeletal vibrations here. At 500 °C (Figure S19), the band at 1293 cm~! appeared for all materials
other than EP, and most prominently for EP-poly-2. This band may belong to v(P=0) of (ArO)s-P=0,
providing more evidence for the binding of aromatic rings by P-species of the FRs. Moreover, this
band was clearly visible at 600 °C for all materials except EP, as the aromatic species are not stabilized
by phosphorus. At 600 °C (Figure S20), many absorption bands were visible which were not present in
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EP, implicating a strong condensed phase mechanism of all tested FRs. Many of these bands have been
characterized previously (Markwart et al., Battig et al.) [36,46]. Furthermore, the presence of several
DGEBA-DMC typical bands (underlined in Figure S20) at 1593, 880, 823, 764, and 688 cm™! suggest
that the aromatic structures of DGEBA and its decomposition products were held intact through the
formation of stable P-species.

2.7. Fire Behavior: Cone Calorimeter

Investigations with the cone calorimeter proved a significant effect of all FRs on epoxy resins
(Figure 4b). The epoxy plates (100 x 100 x 4 mm?) were irradiated with a heat flux of 50 kW m~2,
simulating a developing fire [47]. The results of the forced-flaming condition experiments underlined
that the epoxy resin burned with a high heat release rate (HRR) and lost 99.3 wt.-% of its mass,
presenting nearly no residue (Figure 4a and Table 54). The aliphatic FRs in resins exhibited a reduction
of peak or heat release rate (PHRR), as well as reduction of fire growth rate (FIGRA = max. (HRR/t)).
Especially 2 reduced the PHRR of EP significantly (885 vs. 1696 kW m~2) due to the formation of a
voluminous char layer that insulated the underlying polymer. This behavior was clearly visible during
the experiments as well as in the cross-sections of the residues, as the decomposition of the resin with
2 and the volatilization of its products acted as blowing agents, creating a voluminous intumescent
char that shielded the underlying material from the heat source (Figure 4c,d). Moreover, it was very
active in the gas phase, as evidenced by a reduction in the effective heat of combustion (EHC = total
heat evolved/total mass loss), which is a parameter for gas phase activity [4]. The polymeric poly-2
did not exhibit the same type of FR efficacy due to a lower reactivity with the matrix. Notably, it only
slightly lowered PHRR (1248 kW m~2) and was less active in the gas phase (EHC = 24.9 M] kg_l).
The aromatic FRs in resins did not exhibit a clear reduction in PHRR and FIGRA like 2. On the
contrary, PHRR increased for EP-poly-1, and FIGRA was only slightly lowered. The epoxy resins
loaded with 1 had a PHRR of 1194 kW m~2 and a FIGRA of 11.2 kW m~2 s~! (pure epoxy: 1696 kW m~2
(PHRR) 15.5 kW m~2 s~! (FIGRA)). Both values are on par to those of EP with the commercial FR
BDP. Moreover, EP-1 exhibited a moderate 13% reduction of EHC (23.3 MJ kg~!) EP-poly-1 showed
a PHRR of 1969 kW m~2 and a FIGRA of 15.0 kW m~2 s~!. The high PHRR is caused by the high
decomposition temperature of the FR compared to the matrix, as seen in TGA measurements (Figure 3).
All flame-retarded resins exhibited an increase in residue yield and a lowering of the total heat evolved
(THE = total heat released (THR) at flame out) (Figure S22 and Table S4). The THE for the epoxy
resins containing hb polymers were all comparable to EP-BDP (87.5 MJ m~2- 94.6 M] m~2). The THE
of EP-1 (88.4 MJ] m~2) was comparable to that of EP-2 (78.1 MJ m~2). The epoxy resin loaded with 2
demonstrated the lowest PHRR (885 kW m~2, reduced by 48%) and THE (78.1 M] m~2, reduced by 28%)
and displayed a HRR curve corresponding to a charring material with a protective layer (Figure 4 a).
For EP-poly-2 and EP-1, the HRR curves were nearly identical to EP-BDP: The shape of the HRR curves
suggest a quasi-static HRR above ca. 60 s after ignition, indicating the formation of an insulating char
layer. However, the insulating properties were soon overcome and additional fuel was transported
into the flame, coming to a head shortly thereafter at PHRR. The HRR curve of EP-poly-1 illustrates
that the sample ignited earlier than the pure EP, due to a reduced cross-linking density caused by the
presence of FRs. Thereafter, fuel was continually fed into the flame before the FR could interact with
EP, leading to a poor char layer production. For the polymers and especially for EP-poly-1, a lower
reduction of PHRR and THE was detected, most probably due to the lower reactivity. The residue
yields of epoxy resins loaded with 1 (5.3 + 0.0 wt%) were higher than the neat epoxy (0.7 + 0.1 wt%),
yet much lower compared to the aliphatic monomeric phosphate (9.2 + 0.1 wt.-%), most likely due
to the high reactivity of 2. The resin with poly-1 had an increase in char residue (7.0 + 1.5 wt.-%)
compared to EP-1 (5.3 + 0.0 wt.-%). Although the aromatic FRs were less effective in lowering PHRR
and FIGRA in cone calorimeter measurements than the aliphatic counterparts, their efficacy in creating
high residue yields in pyrolysis measurements should not go unnoted.
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Figure 4. (a) Heat release rate (HRR) of epoxy resin and epoxy resin with flame retardants (FRs)
measured by cone calorimeter. (b) Petrella plot of the different epoxy resins with all FRs having a
positive effect (lowering total heat evolved (THE)), especially 2. (c) Residue of EP-poly-1 after cone
calorimeter measurement, presenting a high graphitic residue yield but poor protective layer. (d) The
residue of EP-poly-2 after cone calorimeter measurements, presenting a good protective layer by the
production of voluminous, multicellular char.

3. Materials and Methods

3.1. Materials

All chemicals were purchased from commercial suppliers as reagent grade and used without
further purification. The monomer 2 was prepared according to literature [36].

3.2. Instrumentation and Characterization Techniques

3.2.1. Size Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC) measurements were performed in DMF at 60 °C with a PSS
SecCurity system (Agilent Technologies 1260 Infinity, Santa Clara, CA, USA). Sample injection was
performed by a 1260-ALS autosampler (Agilent) at 60 °C. GRAM columns (PSS) with dimensions of
300 x 80 mm, 10 um particle size, and pore sizes of 100, 1000, and 10,000 A were employed. The DRI
Shodex RI-101 detector (ERC, Kawaguchi, Japan) and UV—vis 1260-VWD detector (Agilent) were used
for detection. Calibration was achieved using PS standards provided by Polymer Standards Service.

3.2.2. Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance (NMR) was performed in a Bruker Avance III 300 MHz and 500 MHz
spectrometer (Billerica, MA, USA). All spectra were measured in either dg-DMSO or CDCl; at 298 K.
The spectra were calibrated against the solvent signal (CDCl; (7.26 ppm) or dg-DMSO (2.50 ppm)) and
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analyzed using MestReNova 11 from Mestrelab Research S.L. (Santiago de Compostela, Spain)and
Bruker Topspin 3.0 software (Billerica, MA, USA).

3.2.3. Electrospray lonization Mass Spectrometry (ESI-MS)

Electron spray ionization mass (ESI-MS) was performed by A Q-Tof Ultima 3 from Waters
Micromass Milford Massachusetts spectrometer (Milford, MA, USA). 1 mg of the sample was dissolved
in 1 mL of solvent (THF or DCM) and injected into ionization chamber at 120 °C which operated with
a stream of 100 L h™! and a reference voltage of 35 V.

3.2.4. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were performed using a Mettler Toledo
instrument (Columbus, OH, USA) 1/700 or DSC823 under nitrogen atmosphere at a heating rate of 10
°C min~! starting from —140 °C.

3.2.5. TGA-FTIR

Both decomposition and evolved gases were investigated under pyrolytic and thermo-oxidative
conditions via Fourier transform infrared (FTIR) spectroscopy coupled with thermogravimetric analysis.
For epoxy resins with and without FRs, 10 mg of powder attained from cryomilling were used for
measurements, while 5 mg samples were measured for pure FRs. Using a TG 209 F1 Iris (Netzsch
Instruments, Selb, Germany), samples were heated at a rate of 10 K min~! from 30 to 900 °C under a
nitrogen or synthetic air (80:20) gas flow of 30 mL min~!. The evolved gases were analyzed using a
Tensor27 infrared spectrometer (Bruker Optics, Ettlingen, Germany), which was coupled to the TGA
via a transfer line heated to 270 °C.

3.2.6. Hot Stage FTIR

The condensed phase activity was monitored using hot-stage FT-infrared spectroscopy using a
Vertex70 FTIR spectrometer (Bruker Optics, Ettlingen, Germany), equipped with an FTIR600 Linkam
hot-stage cell (Linkam Scientific Instruments Ltd., Chilworth, UK). The samples were pressed into a
KBr plate, loaded into the Linkam cell, and heated at a rate of 10 K min~! from 30 to 600 °C under a

nitrogen gas flow of 300 mL min~!.

3.2.7. Cone Calorimeter

All epoxy resin samples were subjected to bench-scale forced flaming combustion using a cone
calorimeter (Fire Testing Technology Ltd., East Grinstead, UK) at a distance of 35 mm between specimen
and cone heater and a heat flux of 50 kW m~2 and in accordance with ISO 5660. Specimens sized
100 x 100 x 4 mm3 were conditioned at 23 °C and 50% relative humidity for at least 48 h and then
subjected to irradiation.

3.3. Synthetic Procedures

3.3.1. Synthesis of the 4-Vinylphenol

Preparation of 4-vinylphenol was realized according to the method of Ricks-Laskoski et al [48].
To a dried three-necked, 2 L round bottom flask fitted with a dropping funnel and an mechanical
stirrer 4-acetoxystyrene (53.36 g, 0.33 mol, 1 eq.) and tetrahydrofuran (200 mL) were added under an
argon atmosphere and ice-cooling. Ice-cooling was continued throughout the process. 5 M solution of
aqueous sodium hydroxide (100 mL, 0.8 mol, 2.4 eq.) was added dropwise to this solution. The yellow
solution was stirred for 2 h under ice-cooling until the reaction was completed as indicated by TLC
(5i0y: Rf = 0.75, 30 vol.% ethyl acetate/hexane). Then 1.5 M hydrochloric acid (340 mL) was added
slowly to the crude reaction mixture until a pH of 7-5 was reached. The product was extracted with
cold ethyl acetate (5 x 50 mL), washed with distilled water (3 x 50 mL), dried over magnesium sulfate
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and filtered. The product was distilled at reduced pressure while cooling with an ice bath to yield a
crystalline solid (30.9 g, 78%). The product was stored at —20 °C under argon atmosphere and light
exclusion to suppress self-initiated polymerization.

1H NMR (300 MHz, 298 K, DMSO-dg): 8/ppm = 9.53 (s, 1H), 7.28 (d, 2H, ] = 9 Hz), 6.74 (d, 2H, ] = 9 Hz),
6.61 (dd, 1H, J = 12 Hz/18 Hz), 5.68 (d, 1H, ] = 18 Hz), 5.04 (d, 1H, ] = 12 Hz).

13C{H} NMR (75.48 MHz, 298 K, DMSO-dy): §/ppm = 157.3, 136.4, 128.2, 127.4, 115.3, 110.6.

3.3.2. Synthesis of the Tris(p-vinylphenyl)phosphate (1)

To a dried three-necked, 1 L round bottom flask fitted with a dropping funnel and an mechanical
stirrer, 4-vinylphenol (15 g, 0.125 mol, 4 eq.) dissolved in THF (300 mL) and triethylamine (12.63 g,
0.125 mol, 4 eq.) in THF (10 mL) at 0 °C and under an argon atmosphere. Then phosphoryl chloride
(4.79 g, 0.031 mol, 1 eq.) in THF (30 mL) was added to the solution dropwise at 0 °C. Then the
reaction was allowed to warm up to room temperature and stirred overnight at room temperature.
The mixture was filtered and concentrated at reduced pressure while cooling in an ice-bath. The
product was dissolved in DCM (100 mL) and extracted with water and a 1 M potassium hydroxide
solution. The organic layer was dried over MgSO4, filtered and concentrated at reduced pressure yield
a colorless viscous liquid (8.4 g, 67%). The product was stored at —20 °C under argon atmosphere and
light exclusion to suppress self-initiated polymerization.

1H NMR (500 MHz, 298 K, CDCl3): /ppm =7.29 (d, 2 H, ] = 10 Hz), 7.11 (d, 2 H, ] = 10 Hz), 6.58 (dd,
1H, ] =10 Hz/15 Hz), 5.60 (d, 1 H, ] = 15 Hz), 5.16 (d, 1 H, ] = 10 Hz).

13C{H} NMR (75.48 MHz, 298 K, CDCl3): §/ppm = 149.9 (d, ] = 30 Hz), 135.6 (s), 135.2 (s), 127.6 (d,
] =6Hz),120.2 (d, ] = 21 Hz), 114.3 (s).

31P(H} NMR (121.5 MHz, 298 K, CDCl3): §/ppm = —17.72 (s). ESI MS: 405.14.

3.3.3. ATMET Polymerization to Poly(1)

In a Schlenk tube fitted with a magnetic stirring bar, tris(p-vinylphenyl)phosphate (1) (1 g,
2.47 mmol) dissolved in 1-chloronaphthalene (1.67 g) was placed under an argon atmosphere at
40 °C. Then, the Grubbs-Hoveyda catalyst ond gen. (4.65 mg, 0.007 mmol, 0.3 mol%) was added. The
polymerization was carried out at a controlled vacuum of 5 x 1072 mbar to remove the evolving
ethylene. When the viscosity increased (typically after ca 5 min), the flask was filled with argon and
the reaction was terminated by adding ethyl vinyl ether or methyl acrylate (5 mL). The brown solution
was stirred for 1 h at 40 °C and then the mixture was concentrated at reduced pressure. The product
was precipitated twice into hexane and dried at reduced pressure to give an off-white powder (yields
50-90%).

TH NMR (500 MHz, 298 K, CDCl3): §/ppm = 7.57 (d, ] = 16 Hz), 7.39 (m), 7.30 (d, ] = 5 Hz), 7.16 (m),
6.92 (s), 6.59 (dd, ] = 10 Hz/17 Hz), 5.61 (d, ] = 17 Hz), 5.16 (d, ] = 10 Hz).

13C{H} NMR (75.48 MHz, 298 K, CDCl3): §/ppm = 149.8, 135.6, 134.8, 129.7, 127.9, 120.4, 118.3, 114.4.
3IP{H} NMR (202.46 MHz, 298 K, CDCl3): §/ppm = —17.73.

3.3.4. Tri(hex-5-en-1-yl)phosphate (2)
Tri(hex-5-en-1-yl)phosphate was synthesized as described elsewhere [36].

3.3.5. Poly(tri(hex-5-en-1-yl)phosphate) (poly-2) by ATMET Polymerization

In a Schlenk tube fitted with a magnetic stirring bar, tri(hex-5-en-1-yl)phosphate (2) (2 g, 5.81 mmol)
was placed under an argon atmosphere at 60 °C. Then, Grubbs catalyst 15 gen. (33.45 mg, 40.65 umol,
0.7 mol%) was added. The polymerization was carried out at a controlled vacuum of 5 x 1072 mbar to
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remove the evolving ethylene. When the viscosity increased, the flask was filled with argon and the
reaction was terminated by adding ethyl vinyl ether (0.4 mL). The product was precipitated twice into
hexane and dried at reduced pressure to give a viscous off-white polymer (yields 85-96%.).

'HNMR (300 MHz, 298 K, CDCl3): 8/ppm =5.81 (ddt, ] =16.9,10.2, 6.6 Hz),5.40 (m, ] = 5.5, 5.1 Hz),
4.99 (t, ] = 13.9 Hz), 4.03 (m, 6H), 2.08 (qd, ] = 14.8, 12.0, 8.3 Hz, 6H), 1.68 (h, ] = 6.9 Hz, 6H), 1.47 (dp,
J =15.1,7.5 Hz, 6H).

3IP{H} NMR (121.5 MHz, 298 K, CDCl3): §/ppm = —0.66.

3.3.6. Epoxy Resins

All epoxy resins were prepared using bisphenol A diglycidylether (DGEBA) (Araldite
MY740, Bodo Moller Chemie GmbH, Offenbach am Main, Germany) as the epoxide agent and
2,2’-dimethyl-4,4’-methylene-bis-(cyclohexylamine) (DMC) (Sigma Aldrich Co. LLC/Merck KgaA,
Darmstadt, Germany) as the amine hardener. The materials were mixed, poured into aluminum molds
of desired dimensions, then hardened at 150 °C for 3h. The flame retarded epoxy resins were produced
in the same manner, except 10 wt.-% of the mixture was replaced with the respective flame retardant.

4. Conclusions

The herein presented aromatic and aliphatic, hyperbranched, halogen-free polyphosphoesters
(hbPPEs) were synthesized by olefin metathesis polymerization and investigated as a flame retardant
(FR) in epoxy resins. The impact on the Ty of the matrix was different for all tested materials. However,
in all cases, the addition of aliphatic FRs 2 and poly-2 resulted in a higher or equivalent decrease of Ty
compared to the aromatic FRs.

Regarding their flame retardant properties, the aromatic FRs proved a significant increase in
residue yield and thermal stability in pyrolysis investigations compared to their aliphatic counterparts:
the aromatic moieties acted as char precursors, thereby retaining significant residue yields. Moreover,
condensed phase analysis concluded the formation of P-species for all tested resins with FRs.

Investigations with the cone calorimetry proved a significant effect of all FRs on epoxy resins
during a developing fire. The aliphatic FRs were more effective on the tested matrix due to their greater
overlap in decomposition temperature and thus better matrix interaction. The greater interaction
resulted in a stronger reduction of peak of heat release rate (PHRR) and fire growth rate (FIGRA = max.
(HRR/t)) than those resins with aromatic FRs. Especially 2 reduced the PHRR of EP significantly due to
the formation of a voluminous char layer that insulated the underlying polymer. Moreover, 2 was very
active in the gas phase, as evidenced by a reduction in the effective heat of combustion (EHC). While
pyrolytic investigations proved high residue yields and interaction with the matrix for poly-2, it did not
exhibit the same type of FR efficacy as 2 in cone calorimeter tests due to a less pronounced reactivity
with the matrix in form of phosphorylation. The aromatic FRs were less effective in lowering PHRR
and FIGRA in cone calorimeter measurements than the aliphatic counterparts, however, their efficacy
in creating high residue yields in pyrolysis measurements should not go unnoted. The aromatic FRs
might be more suited for materials with higher decomposition temperatures to increase the matrix-FR
interaction. Moreover, the addition of a synergist may promote chemical interaction.

Supplementary Materials: The following are available online: Table S1: Polymerization conditions of 1 with

Grubbs Hoveyda 2"¢ in 1-chlornaphthaline generation catalyst at 40 °C in solution., Figure S1: SEC curves
(VWD-Signal 270 nm) of poly-1 in DMF polymerized with Grubbs 1st generation catalyst and Grubbs Hoveyda

2nd generation catalyst at 40 °C., Figure S2: 'H NMR (300 MHz in CDCl; at 298 K) spectra of 4-vinylphenol.,
Figure S3: 'H-NMR (500 MHz in CDCl; at 298 K) spectra of 1., Figure S4: 3'P {H}-NMR (121 MHz in CDCI3 at
298 K) spectra of 1., Figure S5: 'H-MR (300 MHz in CDCI3 at 298 K) spectra of poly-1., Figure S6: 3'P {H}-NMR
(121 MHz in CDCI3 at 298 K) spectra poly-1., Figure S7: 'H-MR (300 MHz in CDCI3 at 298 K) spectra of poly-2.,

Figure S8: 3P {H}-NMR (121 MHz in CDCI3 at 298 K) spectra of poly-2., Figure S9: TGA-FTIR spectrum of 2
(top, black), identifying the main decomposition products (1,5-hexadiene; 5-hexen-1-ol and phosphate species,
comparison shown in gray below) at specific decomposition temperature (259 °C) using references from NIST
library., Figure 510: TGA-FTIR spectrum of poly-2 (top, blue), identifying the main decomposition products
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(1,3-hexadiene (c,t) and 2-octene (c,t) and trans-1,4-hexadiene, comparison shown in gray below) at specific
decomposition temperature (216 °C, 259 °C) using references from NIST library, Figure S11: TGA-FTIR spectrum
of 1 (top, red), identifying the main decomposition products (p-tolyl acetate; p-cresol; 4-ethylphenol and bisphenol
A, comparison shown in gray below) at specific decomposition temperature (143 °C, 470 °C) using references from
NIST library., Figure S12: TGA-FTIR spectrum of poly-1 (top, green), identifying the main decomposition products
(phenol and benzene, comparison shown in gray below) at specific decomposition temperature (447 °C and 487
°C) using references from NIST library., Figure S13: TGA-FTIR spectrum of EP-2 (top, black), identifying the main
decomposition products (5-hexen-1-ol; phosphate species and decomposition products of the matrix, a comparison
is shown in gray below) at specific decomposition temperature (266 °C, 373 °C) using references from NIST
library., Figure S14: TGA-FTIR spectrum of EP-poly-2 (top, blue), identifying the main decomposition products
(5-hexen-1-ol; oct-2-en-40l and decomposition products of the matrix, a comparison is shown in gray below) at
specific decomposition temperature (287 °C, 349 °C) using references from NIST library., Figure S15: TGA-FTIR
spectrum of EP-1 (top, red), identifying the main decomposition products (p-n-propylphenol and decomposition
products of the matrix, a comparison is shown in gray below) at specific decomposition temperature (203 °C,
371 °C, 437 °C) using references from NIST library., Figure S16: TGA-FTIR spectrum of EP-poly-1 (top, green),
identifying the main decomposition products (4-(3-hydroxyisoamyl)phenol and decomposition products of the
matrix, a comparison is shown in gray below) at specific decomposition temperature (375 °C, 482 °C) using
references from NIST library., Figure S17: Results from hot-stage FTIR measurements, comparing the condensed
phase spectra of EP-FRs at 100 °C., Figure S18: Results from hot-stage FTIR measurements, comparing the
condensed phase spectra of EP-FRs at 300 °C., Figure 519: Results from hot-stage FTIR measurements, comparing
the condensed phase spectra of EP-FRs at 500 °C., Figure S20: Results from hot-stage FTIR measurements,
comparing the condensed phase spectra of EP-FRs at 600 °C, underlined bands are typical to DGEBA-DMC.,
Table S2: Glass transition temperatures (T) of the flame retardant containing epoxy resins (measured by DSC),
Figure S21: Mass loss (bottom) and mass loss rate (top) over T of neat epoxy resin and flame retardant containing
epoxy resins from TGA measurements (10 K min~!; Nj)., Table S3: TGA data of the flame retardant containing
epoxy resins. Tso,: Temperature at which 5% mass-loss happened; Timax: Temperature of maximum degradation;
Residue: Residue at 700 °C., Figure 522: Total heat released (THR) of epoxy resin and epoxy resin with flame
retardant measured by cone calorimeter., Table S4: Results from cone calorimeter measurements of the flame
retardant containing epoxy resins., Figure 523: Cross-linking of 1 at 300 °C in a silicon form for 2 h, producing a
hard, cross-linked PPE resin., Figure S24: Chemical structure of Diglycidyl ether of Bisphenol A (DGEBA) and
2,2’-Dimethyl-4,4’-methylene-bis(cyclohexylamine) (DMC).
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Table S1. Polymerization conditions of 1 with Grubbs Hoveyda 2™ in 1-chlornaphthaline generation

catalyst at 40 °C in solution.

1%t addition

Polymer % mol Catalyst Time (min) Mn (g/mol) Mw (g/mol) D
1.2 0.32 60 1300 1400 1.1
1.3! 0.65 60 1700 2400 1.4
1.5 0.65 45 - - -
1.15 0.81 120 3000 8700 2.9

2" addition (after sampling of 1% addition)

Polymer % mol Catalyst Time (min) Mn (g/mol) Mw (g/mol) D
1.2 0.32 60 1756 2390 1.36
1.3 0.65 30 4185 56306 13.45
1.5 0.32 25 4875 55333 11.35

in bulk. ' cross-linked.

poly-1_Grubbs Hoveyda 2nd generation catalyst
t
1S

poly-1_Grubbs generation catalyst

4[ = I v I r
15 20 25 30 35

Elution volume / mL

Figure S1. SEC curves (VWD-Signal 270 nm) of poly-1 in DMF polymerized with Grubbs 1st generation

catalyst and Grubbs Hoveyda 2nd generation catalyst at 40 °C.
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Figure S2. "H NMR (300 MHz in CDCls at 298 K) spectra of 4-vinylphenol.
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Figure S3. 'H-NMR (500 MHz in CDCl; at 298 K) spectra of 1.
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Figure S4.3'P {H-NMR (121 MHz in CDCl; at 298 K) spectra of 1.
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Figure S5. 'H-MR (300 MHz in CDCl3 at 298 K) spectra of poly-1.
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Figure S6.°'P {H}-NMR (121 MHz in CDCl; at 298 K) spectra of poly-1.
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Figure S7. 'H-MR (300 MHz in CDCIs at 298 K) spectra of poly-2.
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Figure S8.3'P {H}-NMR (121 MHz in CDCl; at 298 K) spectra of poly-2.
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Figure S9. TGA-FTIR spectrum of 2 (top, black), identifying the main decomposition products (1,5-

hexadiene; 5-hexen-1-ol and phosphate species, comparison shown in gray below) at specific
decomposition temperature (259 °C) using references from NIST library.[1]
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Figure S10. TGA-FTIR spectrum of poly-2 (top, blue), identifying the main decomposition products
(1,3-hexadiene (c,t) and 2-octene (c,t) and trans-1,4-hexadiene, comparison shown in gray below) at
specific decomposition temperature (216 °C, 259 °C) using references from NIST library.[1]
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Figure S11. TGA-FTIR spectrum of 1 (top, red), identifying the main decomposition products (p-tolyl
acetate; p-cresol; 4-ethylphenol and bisphenol A, comparison shown in gray below) at specific
decomposition temperature (143 °C, 470 °C) using references from NIST library.[1]
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Figure S12. TGA-FTIR spectrum of poly-1 (top, green), identifying the main decomposition products
(phenol and benzene, comparison shown in gray below) at specific decomposition temperature (447 °C

and 487 °C) using references from NIST library.[1]
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Figure S13. TGA-FTIR spectrum of EP-2 (top, black), identifying the main decomposition products (5-
hexen-1-ol; phosphate species and decomposition products of the matrix, a comparison is shown in gray
below) at specific decomposition temperature (266 °C, 373 °C) using references from NIST library.[1]
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Figure S14. TGA-FTIR spectrum of EP-poly-2 (top, blue), identifying the main decomposition products
(5-hexen-1-ol; oct-2-en-40l and decomposition products of the matrix, a comparison is shown in gray
below) at specific decomposition temperature (287 °C, 349 °C) using references from NIST library.[1]
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Figure S15. TGA-FTIR spectrum of EP-1 (top, red), identifying the main decomposition products (p-n-
propylphenol and decomposition products of the matrix, a comparison is shown in gray below) at specific
decomposition temperature (203 °C, 371 °C, 437 °C) using references from NIST library.[1]
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Figure S16. TGA-FTIR spectrum of EP-poly-1 (top, green), identifying the main decomposition
products (4-(3-hydroxyisoamyl)phenol and decomposition products of the matrix, a comparison is shown
in gray below) at specific decomposition temperature (375 °C, 482 °C) using references from NIST

library.[1]
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Figure S17. Results from hot-stage FTIR measurements, comparing the condensed phase spectra of EP-

FRs at 100 °C.
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Figure S18. Results from hot-stage FTIR measurements, comparing the condensed phase spectra of EP-

FRs at 300 °C.
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Figure S19. Results from hot-stage FTIR measurements, comparing the condensed phase spectra of EP-

FRs at 500 °C.
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Figure S20. Results from hot-stage FTIR measurements, comparing the condensed phase spectra of EP-

FRs at 600 °C, underlined bands are typical to DGEBA-DMC.

Table S2. Glass transition temperatures (7%) of the flame retardant containing epoxy resins (measured by

DSO).
Material T,
EP-1 149 + 1
EP-poly-2 127+3
EP-2 113+1
EP-poly-2 154 +2

Mass / wt.-% _.
3 <]

o

[ EP.

e EP-1
EP-poly-1
[ EP-2
[ E P-poly-2

EP-BDP

AL

0

100 200 300 400 500

Temperature / °C

—
600 700

0.1

0.0

Mass/ wt.-%

Figure S21. Mass loss (bottom) and mass loss rate (top) over 7 of neat epoxy resin and flame retardant
containing epoxy resins from TGA measurements (10 K min'!; Na).
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Table S3. TGA data of the flame retardant containing epoxy resins. Ts%: Temperature at which 5% mass-
loss happened; Tmax: Temperature of maximum degradation; Residue: Residue at 700 °C.

Material Tse, / °C Tmax/ °C  Residue / wt.-%
DGEBA-DMC (EP) 338+ 1 372+1 45+0.1
EP-1 279+ 1 350+1 9.1+0.2
EP-poly-1 299 +3 361 £1 14.7+0.5
EP-2 231 +1 367+0 5.1+0.1
EP-poly-2 249 +3 337+2 13.3+0.2
EP-BDP 304+ 1 357+0 8.2+0.1
=== DGEBA-DMC}
+THP
100 + hbTHP

+TPVP
+hbTPVP
+BDP

THR / MJ m™2
3
1

r - 1 - 1 1 - °1.°
0 60 120 180 240 300 360

Time /s
Figure S22. Total heat released (THR) of epoxy resin and epoxy resin with flame retardant measured by
cone calorimeter.

Table S4. Results from cone calorimeter measurements of the flame retardant containing epoxy resins.

Material THE PHRR Residue EHC FIGRA
/MIm? /kWm? /wt-% /MJkg! /kWm?’s
DGEBA-DMC (EP) 108+3 1696+180 0.7+0.1 269+1.0 155+23

EP-1 88+1 1194+100 53+0.0 233+0.2 11.2+0.0
EP-poly-1 92+4 1969+353 7.0+15 250+1.5 150+0.7
EP-2 78 £6 885+16 9.2+0.1 21.7+1.8 9.0+0.2
EP-poly-2 95+0 1248 +32 5.1+£0.7 249+02 9.0+0.0
EP-BDP 87+ 1 1180+41 3.1+0.2 227+0.2 11.0+0.7

Figure S23. Cross-linking of 1 at 300 °C in a silicon form for 2 h, producing a hard, cross-linked PPE
resin.
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DGEBA

Figure S24. Chemical structure of Diglycidyl ether of Bisphenol A (DGEBA) and 2,2’-Dimethyl-4,4’-
methylene-bis(cyclohexylamine) (DMC).

3cm

Figure S25. Residue of EP-1 after cone calorimeter measurement, exhibiting a moderate protective layer
effect from the formation of a rigid char layer.
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3cm

Figure S26. Residue of EP-2 after cone calorimeter measurements, exhibiting a strong protective layer
from the large voluminous, multicellular char.
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Abstract

We synthesized a library of phosphorus-based flame retardants (phosphates and
phosphoramides of low and high molar mass) and investigated their behavior in two epoxy
resins (one aliphatic and one aromatic). The pyrolytic and burning behavior of the two resins
(via TGA, TG-FTIR, Hot stage FTIR, Py-GC/MS, PCFC, DSC, LOI, UL-94, Cone calorimeter)
are analyzed and compared to the results of flame retardant (FR)-containing composites. A
decomposition pathway incorporating the identified modes of action and known chemical
mechanisms is proposed. The overlap of decomposition temperature (Ta) ranges of matrix
and FR determines the efficacy of the system. Low molar mass FRs strongly impact material
properties like T; but are very reactive, and high molar mass variants are more thermally stable.
Varying P-O and P-N content of the FR affects decomposition, but the chemical structure of
the matrix also guides FR behavior. Thus, phosphates afford lower fire load and heat release
in aliphatic epoxy resins, and phosphoramides can act as additives in an aromatic matrix or a
reactive FRs in aliphatic ones. The chemical structure and the structure-property relationship
of both FR and matrix are central to FR performance and must be viewed not as two separate

but as one codependent system.
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We synthesized a library of phosphorus-based flame retardants (phosphates and phosphoramides of low
and high molar mass) and investigated their behavior in two epoxy resins (one aliphatic and one aro-
matic). The pyrolytic and burning behavior of the two resins (via TGA, TG-FTIR, Hot stage FTIR, Py-GC/MS,
PCFC, DSC, LOI, UL-94, Cone calorimeter) are analyzed and compared to the results of flame retardant
(FR)-containing composites. A decomposition pathway incorporating the identified modes of action and
known chemical mechanisms is proposed. The overlap of decomposition temperature (Tqec) ranges of
matrix and FR determines the efficacy of the system. Low molar mass FRs strongly impact material
properties like T but are very reactive, and high molar mass variants are more thermally stable. Varying
P—O and P—N content of the FR affects decomposition, but the chemical structure of the matrix also
guides FR behavior. Thus, phosphates afford lower fire load and heat release in aliphatic epoxy resins, and
phosphoramides can act as additives in an aromatic matrix or a reactive FRs in aliphatic ones. The
chemical structure and the structure-property relationship of both FR and matrix are central to FR
performance and must be viewed not as two separate but as one codependent system.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Phosphorus-based FRs (P-FRs) have gained added attention as
suitable alternatives to halogenated FRs. Primarily, this is due to
heightened health and environmental concerns over halogen-
containing formulations. P-FRs offer a broad range of application
for many polymer types, as reactive or additive components,
mainly due to the chemical versatility of phosphorus [1—4].
Moreover, their mode of action can be adjusted to suit a specific
application by altering the P-FR composition: Recently, a study
conducted on the ratio of P—O to P—N bonds highlighted the
change in mode of action and decomposition mechanism of low
molar mass P-FRs in epoxy resins [5]. Additionally, by polymerizing
these low molar mass P-FRs into hyperbranched (hb) polymers, the
effect of complex architecture on the flame retardancy of epoxy
resins was investigated, and the effectiveness of hb polymers as

* Corresponding author.
** Corresponding author.
E-mail addresses: wurm@mpip-mainz.mpg.de (FR. Wurm), bernhard.schartel@
bam.de (B. Schartel).
! These authors contributed equally.

https://doi.org/10.1016/j.polymdegradstab.2019.108986
0141-3910/© 2019 Elsevier Ltd. All rights reserved.

multifunctional FRs was elucidated [6].

The interaction between decomposition compounds of FR and
matrix affect the combustion efficiency, peak of heat release rate,
and effective heat of combustion in fire scenarios [7,8]. Previous
works have shown that one underlying mode of action is the for-
mation of aromatic char precursors and the stabilizing role of
phosphorus in them [9]. Critically, this effect is maximized when
the overlap of decomposition temperature (Tgec) ranges of matrix
and FR is greatest [10—12]. Investigation of the previously synthe-
sized low molar mass monomeric FRs (mFRs) and the polymeric
hyperbranched FRs (hbFRs) in an epoxy resins (EP) concluded that
the FR's mode of action is alterable by the presence of nitrogen in
the P-binding sphere (P—N vs. P—0) [5]. Moreover, its chemical
interaction capabilities are increased by polymerization, mainly
due to the shift to higher Tgec. Furthermore, the role of sulfur in the
flame retardancy of hbFRs is the subject of another investigation.
These changes in the chemical composition and architecture led to
higher residue yields and more effective flame retardancy of a
bisphenol A based epoxy resin (EP-B) [6].

The structure-property relationship of the FR and matrix are
crucial to effective flame retardancy. As it stands, the modes of
action and chemical FR mechanisms previously proposed for mFRs
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and hbFRs are based on their performance in an aromatic,
bisphenol A-based polymer resin. However, a fuller understanding
of the FRs’ capabilities may be gained from examining their per-
formance in an aliphatic epoxy resin (EP-A) and comparing the
results to the previously examined EP-B, which is precisely the
approach proposed in the following manuscript.

The aliphatic epoxy resin EP-A (Scheme 1) has been previously
investigated in use as fiber-reinforced composites and as a basis for
reactive phosphorus-based FR-crosslinking agents [13,14].
epoxide agent is based on pentaerythritol, a main component
(carbon-source) in intumescent systems [15,16]. Pentaerythritol
glycidyl ether has further been investigated as a chain extender and
plasticizing agent for bisphenol A systems [17], as well as a starting
material for polyurethanes [18].

We have investigated the flame retardancy effects of previously
synthesized and characterized monomeric and hyperbranched
polymeric FRs in aliphatic and aromatic epoxy resins. As a means to
compare the efficacy of these FRs in the respective matrices, an
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industrially available FR, previously proven effective in epoxy
resins, namely bisphenol A bis(diphenyl phosphate) (BDP), was
used as a benchmark. This work aims at understanding the
fundamental chemical interactions at play of phosphates and
phosphoramides — as low molar mass and hyperbranched poly-
meric variants — in two distinct epoxy resin systems. By comparing
the results, greater insight into the mode of action and chemical
mechanisms surrounding these P-FRs may be gained. More signif-
icantly, investigating these FRs in different matrices expands the
understanding of the FR-matrix system and the codependence of
the two on effective flame retardancy. This work is not aimed at
optimizing the performance of the materials, but rather at
observing their behavior in divergent matrices and extrapolating
their function by means of multi-method pyrolysis and fire
behavior investigations.

/Aﬁ /_[H‘A N-
HOJ_/ L@HA N
/—ZOH

H -A-
N HO H ”3_\ /_AO

OH
OH J_/ \_<_
N-A-N N-A- N
HoOH )Y /_[c;u
HO _E
o gy

N-R
R {O/\{;H heterocyclic 10-ring
R0

A(NR

heterocyclic 11-ring

on R{
/—R

R
heterocyclic 12-ring

OH

o HO
N-A-NH OH
N H OH
V }OH L&E;(N'A’NAgo—)¥E—R
HO HO
E OH
OH
WO E OH

Scheme 1. General synthesis scheme of EP-A (top) and EP-B (bottom) and schematic representation of matrices (E: epoxy component PEGE; A: amine component DMC).
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2. Materials and Methods

All materials (Table 1) were used without further purification.

The aliphatic epoxide agent pentaerythritol tetraglycidyl ether
(PEGE, ipox CL 16) was supplied by ipox chemicals GmbH (Lau-
pheim, Germany). The aromatic epoxide agent diglydyl ether of
Bisphenol A (DGEBA, Araldite MY740) was supplied by Bodo Miiller
Chemie GmbH (Offenbach am Main, Germany). The amine
component 2,2’-dimethyl-4,4'-methylene-bis-(cyclohexylamine)
(DMC) was purchased from Sigma Aldrich Co. LLC/Merck KgaA
(Darmstadt, Germany). The benchmark FR bisphenol A bis(diphenyl
phosphate) (BDP) was supplied by Albemarle (Louvain-la-Neuve,
Belgium). The mFRs and hbFRs were previously synthesized and
characterized [5,6]: starting from POCl3, mE was produced via
esterification with hex-5-en-1-ol, and mA was prepared via ami-
dation with hex-5-en-1-amine. hbE and hbA were produced via a
radical thiol-ene polyaddition, combining mE or mA as monomers,
respectively, with 1,2-ethanethiol as comonomer and azoisobu-
tyronitrile (AIBN) as a radical initiator. Purities and chemical
structures were identified via 'H and 3'P {H} NMR.

All epoxy resin samples (with or without FR) were prepared as
follows (Table 2): the epoxide agent (PEGE or DGEBA) was poured
into in a 1L polypropylene cup. For FR-containing composites,
10 wt.-% of the total batch was replaced with the FR. The amount of
FR, and therefore P-content regarding weight equivalents, was
identical in both systems. The FR was mixed with the epoxide agent
with a wooden spatula. Once the components were fully mixed, the
amine component DMC was added, and the mixture was again
stirred until homogenous. The contents were poured into prepared
aluminum molds sized 100 mm x 100 mm x 4 mm (for cone calo-
rimeter specimens) or 130 mm x 130 mm x 3 mm (for LOI or UL-94
specimens). UL-94 and LOI samples were cut from the mold into
appropriate specimen sizes according to their respective standards.

Nuclear magnetic resonance (NMR) analysis, 'H, 3'P {H},

Table 1
Material names, abbreviations, and chemical structures.

TH,'"H—COSY and 'H,>'P-HMBC NMR spectra were recorded with
Bruker Avance spectrometers operating with 300 or 500 MHz fre-
quencies in deuterated chloroform or deuterated N,N-
dimethylformamide as a solvent. The calibration of the spectra
was done against the solvent signal. The spectra were analyzed
using MestReNova 9 from Mestrelab Research S.L.

Powdered samples for TGA-FTIR, PCFC and hot stage FTIR
measurements were obtained using a CryoMill (RETSCH, Germany)
under liquid nitrogen cooling.

Thermogravimetric analysis (TGA) measurements were per-
formed on a TG 209 F1 Iris (Netzsch Instruments, Selb, Germany).
10 mg powdered samples were used for EPs and EPs with FRs, and
5 mg samples for pure FRs. Samples were heated from 30 to 900 °C
at a rate of 10 K min~! under a 30 ml min~"! nitrogen flow.

Evolved gas analysis of TGA samples was conducted using a
Fourier transform infrared spectrometer Tensor27 (Bruker Optics,
Ettlingen, Germany) (TG-FTIR). The machines were coupled by a
1.0 m transfer line heated to 270 °C.

Condensed phase FTIR spectra during pyrolysis were gathered
using a FTIR600 hot-stage cell (Linkam Scientific Instruments Ltd.,
Chilworth, UK) fitted to a Vertex70 FTIR spectrometer (Bruker
Optics, Ettlingen, Germany). The measuring range was 4000 to
40cm~'at a resolution of 0.4cm™'. Approx. 5mg of powdered
material was pressed into a potassium bromide platelet (d =1 cm;
w=0.1cm) and placed into the hot-stage cell. Under a nitrogen
flow of 300 ml min~, the samples were heated from 30 to 600 °C at
a rate of 10 Kmin~",

Pyrolysis Gas Chromatography - Mass Spectrometry (Py-GC/MS)
measurements were performed using a PY3030iD micro-furnace
double-shot pyrolyzer (Frontier Laboratories, Japan) coupled via a
split/splitless inlet port to a 7890B gas chromatograph (Agilent
Technologies, USA) and combined with a 5977B mass selective
detector (Agilent Technologies, USA). The EI ionization energy of
the MSD was 70eV and the scan range was 15—50 amu. 150 pg

Name Short name Chemical structure P content (calc) [%]
Pentaerythritol tetragylcidyl ether PEGE 0\7_\0 O/—Y/o -
o3 :o
AN, NVAN
Digylcidyl ether of bisphenol A DGEBA -
?>/\o/‘ ‘\O 0/\<?
2,2'-Dimethyl-4,4’-methylene-bis-(cyclohexylamine) DMC -
HoN” ; ; “NH,
Tri(hex-5-en-1-yl) phosphate mE o 9.0
\/\/\/O'#’O\/\/\/
o)
NN
hb-Phosphoester hbE o 7.1
Wo-n‘?-o
o]
oo snst .
Tri(hex-5-en-1-yl) phosphoramide mA HOH 9.1
\/V\/N"#"N\/\/\/
NH
NN
hb-Phosphoramide hbA HOH 7.1
MN"P"N
NH )
Cnncsnt
Bisphenol A diphenyl phosphate BDP [ 0 8.1
O OO0
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Table 2
Composition of tested epoxy resin and composite specimen.

Material Composition [g] (exemplary 500 g batch)
EP-A + mE + hbE + mA + hbA + BDP EP-B + mE + hbE + mA + hbA + BDP

PEGE 301 271 271 271 271 271 — - — - - —
DGEBA — - - — — 370 333 333 333 333 333
DMC 199 179 179 179 179 179 130 117 117 117 117 117
mE - 50 - - - - - 50 - - - -
hbE - - 50 - - - - 50 - - -
mA - - - 50 - - - 50 - -
hbA - - - - 50 - - - - - 50 -
BDP - - - - - 50 - - - - 50
P cont. [%] 0 0.9 0.7 0.9 0.7 0.8 0 0.9 0.7 0.9 0.7 0.8

samples were pyrolyzed at 500°C in a helium atmosphere by a
gravimetric fall into the pyrolysis zone. All evolved pyrolysis
products were separated under a helium flow of 1 ml min~' using
an Ultra Alloy + -5 capillary column of a length of 30 m, and inner
diameter of 0.25 mm, and a film thickness of 0.25 pm. The tem-
perature of the column was held for 2 min at 40 °C, then increased
to 300 °C at a rate of 10 K min~' and held for 10 min. The tem-
perature of the gas chromatograph injector was 300 °C, and it was
operated in a split mode of 1:300. The NIST 14 MS library was used
for peak assignment.

Pyrolysis flow combustion calorimetry (PCFC) measurements
were conducted on a microscale combustion calorimeter (Fire
Testing Technologies Ltd., East Grinstead, UK). 5 mg powdered
samples were pyrolyzed at a heating rate of 1Ks~! from 150 to
750 °C. The combustor temperature was set to 900 °C. The gas flow
of nitrogen was 80 ml min~! and 20 ml min~" for oxygen.

Differential scanning calorimetry (DSC) measurements were
conducted on a Netzsch 204 FR “Phoenix” (Netzsch Instruments,
Selb, Germany). 5 mg samples were taken from the bulk material. In
the range of —80 to 180 °C, three heating and two cooling runs were
conducted at a rate of 10K min~! under a 30 mlmin~! nitrogen
flow. The second and third heating run was used to determine Tj.

Underwriter's Laboratory 94 (UL-94) testing was performed in
vertical and then in horizontal orientation in accordance with EN
60695-11-10. Samples sized approx. 125 mm x 12 mm X 3 mm were
stored at 50% relative humidity and 23 °C for at least 80 h prior to
testing.

Limiting oxygen index (LOI) testing was conducted in accor-
dance with ISO 4589-2. Type IV samples sized 125 mm x 6 mm X
3 mm were used after storage at 50% relative humidity and 23 °C for
at least 80 h.

Forced-flaming measurements were conducted using a cone
calorimeter (Fire Testing Technology Ltd., East Grinstead, UK) in
accordance with ISO 5660. Samples sized 100 mm x 100 mm X
4 mm were stored at 50% relative humidity and 23 °C for at least
48 h prior to testing. Samples were irradiated with a heat flux of
50 kW m~2 at a distance of 35 mm between specimen and cone
heater, thus simulating a developing fire [19,20]. Measurements
were conducted in duplicate, unless the margin of error was greater
than 10%, whereupon a third specimen was measured.

3. Results and Discussion
3.1. Pyrolysis — Decomposition temperature and mass loss

The pyrolytic decomposition temperature (Tqec) and mass loss of
the epoxy resin matrices EP-A and EP-B, as well as the flame re-
tardants mE, hbE, mA, hbA, and BDP, were investigated via TGA
(Fig. 1a & Table 3).

The mass loss and mass loss rate curves of EP-A and EP-B (Fig. 1a)
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Fig. 1. Results from TGA measurements. a) Mass loss (bottom) and mass loss rate (top)
of epoxy resins EP-A and EP-B; b) Mass loss rates of FRs and EPs, indicating decom-
position temperature ranges.

outline the difference in thermal stability of the two materials. The
onset temperature Tsy (the temperature at 5% mass loss) of EP-A
was 276 °C, and that of EP-B was 338 °C. Noticeably, EP-A exhibi-
ted two distinct decomposition steps, while EP-B's mass loss
occurred in one step with a slight shoulder. The first decomposition
step of EP-A, identified by the temperature at peak mass loss rate,
occurred at 286 °C and corresponded to about 34 wt.-% mass loss,
while the second step at 398 °C amounted to a 59 wt.-% mass loss.
For EP-B, the main decomposition step (Tmax) at 372 °C amounted to
a 62 wt.-% mass loss, while the shoulder at about 424 °C constituted
a loss of about 33 wt.-%. Both materials retained similar residues at
700 °C (4.6 wt.-% for EP-A and 4.5 wt.-% for EP-B).
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Table 3

Results from TGA measurements of pure FRs and the epoxy resin matrices EP-A and EP-B.

Tsy T, ML, T, ML, Tmax MLumax T ML; Residue (700 °C) | wt.-
/°C |°C Jwt.- /°C Jwt.- /°C Jwt.-% /°C Jwt.- %
% % %
EP- 276 - - 286 348 398 58.8 - - 46
A +2 +2 +0.3 +1 +1.2 +0.3
EP-B 338 - - - - 372 62.0 424 332 45
+1 +1 +0.8 +5 +0.3 +0.1
mE 195 - - - - 250 95.7 - - 2.8
+3 +2 +14 +0.8
hbE 242 - - - - 280 83.3 - - 11.2
+2 +1 +0.2 +14
mA 181 236 36.1 - - 317 46.4 - - 15.6
+2 +10 +0.5 +10 +0.3 +0.8
hbA 190 212 11.1 273 14.2 361 47.1 430 7.9 17.8
+3 +2 +1.2 +3 +2.3 +3 +0.5 +4 +0.8 +04
BDP 331 - - - - 415 85.5 467 11.8 1.8
+1 +6 +2.2 +3 +1.3 +0.9
. . . . 150.0k —
Thg pure FRs have_ been previously characterized in detail [5',6], 50.0k (a) T =325°C o
and Fig. 1b summarizes the mass loss rates of these materials 1 "
during pyrolysis. Additionally, Table 3 summarizes the results from 5 ] nf : m /
TGA measurements for all materials. mE decomposed in a single g100.0k 1 ¢ -y x \ i
step (Tsy = 195 °C, Tiax = 250 °C). For the hyperbranched polymeric e ﬁ o J @ 5 i O_L_O
variant hbE, Tsg (242 °C) and Tpax (280 °C) were shifted to higher § ] & HN Oro NH,
temperatures due to increased thermal stability of the hb-structure é 50.0k Ho Ao X Sa p
[6]. Notably, the residue yield at 700 °C of hbE (11.2 wt.-%) was four ] u. \ I 1 t h
times higher than that of mE (2.8 wt.-%). mA decomposed in two ! e '
steps, the first at 236 °C (36 wt.-% mass loss) and the second at . T T T T T T T
2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

317 °C (46 wt.-% mass loss), retaining a residue of 15.6 wt.-% at
700°C. The hyperbranched polymeric phosphoramide hbA
exhibited a higher Ty,;x compared to mA, comparable to the shift
seen from mE to hbE. While Ts¢ was only slightly higher than maA,
hbA decomposed in multiple steps over a large temperature range,
exhibiting four peak mass loss rates at 212 °C (11 wt.-% mass loss),
273 °C (14 wt.-% mass loss), Tax at 361 °C (47 wt.-% mass loss), and
430 °C (8 wt.-% mass loss). The residue yield at 700 °C was 18 wt.-%,
an increase of 14% compared to mA.

The benchmark FR BDP decomposed in a single decomposition
step with a shoulder. Its Ts4 was at 331 °C and Tpax at 415 °C, ac-
counting for an 85 wt.-% mass loss. Thus, BDP was the most ther-
mally stable FR used in this study. The shoulder at approx. 467 °C
presented a mass loss of 12 wt.-%, preserving a residue of only
about 2 wt.-% at 700 °C.

3.2. Pyrolysis — Evolved gas analysis of EP

There have been several in-depth investigations into the ther-
mal decomposition of EP-B [21—23]. Although flame retardancy of
EP-A has been investigated previously [13,24], less is known about
the pyrolytic evolved gases corresponding to the mass loss steps of
EP-A. To understand the flame retardancy effects of the FRs on the
polymer, the decomposition steps of the matrix must be more
closely identified. To this end, pyrolysis — gas chromatography/
mass spectrometry (Py-GC/MS) enables a more in-depth analysis of
the evolved gases during pyrolysis. Two single-shot measurements
were measured at specific temperatures: T=325°C (Fig. 2a) and
500°C (Fig. 2b). They represent the end of a mass loss step, as
indicated by a minimum of the mass loss rate curve of EP-A in TGA
experiments. Thus, products from the decomposition step at
T=286"°C can be observed separately from the step at T=398 °C.
Notably, the spectra at 500 °C contain information of decomposi-
tion products of both steps and not only the second. By analyzing
the difference in spectra, a clearer image of the decomposition
mechanism is presented.
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Fig. 2. Gas chromatograph of EP-A taken at (a) 325 °C and (b) 500 °C(B) via Py-GC/MS.
Molecules matching MS spectra at specific retention times are noted with arrows.

The chromatograph in Fig. 2a reveals the production of several
specific decomposition products from the EP-A matrix at 325 °C: At
low retention times (2—10 min), low molar mass molecules were
identified via comparative mass spectra, such as acrolein at
2.39 min (Figure S1), 2-vinylfuran at 4.29 min (Figure S2), 3-chloro-
1,2-propanediol at 7.95min (Figure S3), aniline at 8.72 min
(Figure S4), and cyclobutylamine at 9.42 min (Figure S5). At higher
retention times, the mass spectra resembled meprobamate at
15.39 min (Figure S6) and dispiro[cyclohexane-1,2’-bicyclo(1.1.0)
butane-4’,1"-cyclohexane] at 16.48—16.57 min (Figure S7). Addi-
tionally, 1-methyl-2-methylenecyclohexane and 6-methyl-3-
cyclohexane-1-methanol at 16.97 min (Figure S8) were among
the products identified as decomposition products from their mass
spectra.

Fig. 2b exhibits those products pyrolyzed at 500 °C. Notably, the
spectrum is significantly different to Fig. 2a. At low retention times
(2—8 min), the mass spectral data saw similarities with 2-butenal at
2.66 min (Figure S9), 1,2-dinitroso-2-methyl-cyclohexane at
4.54 min (Figure S10), and ethylbenzene at 6.77 min (Figure S11). At
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higher retention times, the mass spectra resembled 2-(4-
methylcyclohexyl) ethanol or 1,7-dimethylspiro[4.5]decane at
16.76 min (Figure S12), as well as neomenthylamine at 19.30 min
(Figure S13).

It should be noted that the NIST 14 library was utilized for
structure identification purposes. Several fragmentations in the
mass spectra do not fully correspond to the fragmentation pattern
of the molecules mentioned above. However, their fragmentation
pattern closely resembles these products, and they provide clues to
the decomposition mechanism of EP-A. By using TGA-FTIR,
corroborating evidence to the presence of these decomposition
products may be gained.

By coupling the TGA to a Fourier transform infrared spectrom-
eter (FTIR) via a transfer line, FTIR-spectra from the evolved gases at
specific decomposition steps were captured. The gas spectra at the
two main decomposition steps of EP-A are plotted in Fig. 3, along
with reference spectra of decomposition products.

Notable decomposition products in the spectrum at 24.7 min
were water (approx. 4000—3475 cm~! and 2100—1275 cm™ 1), car-
bon dioxide (2360 and 669 cm™!), carbon monoxide (2185 and
2107 cm™ 1), and hydrochloric acid (approx. 3100—2550 cm™ '), the
latter resulting from epichlorohydrin, an educt in the production of
pentaerythritol tetragylcidol ether. The decomposition of epichlo-
rohydrin also yielded acrolein from the epoxy group, as identified via
the large (C=0) band at 1731 cm™! as well as 1154 cm ™, and espe-
cially the sharp band at 951 cm~". The presence of cyclobutylamine
was identified by 1121 cm™! and the broad (N—H) band around
750 cm~ !, while the sharp band at 744 cm~! corresponded to furan.

At 36.0 min, notable decomposition products include water,
methane (3016 cm™!), carbon dioxide, carbon monoxide, and
ammonia (965 and 931 cm™!). Notably, HCI is not present in the
spectrum at 36.0 min. The carbonyl (C=0) band at 1731 cm™!' is
predominantly visible, providing evidence for the evolution of al-
dehydes such as propenal at 2.66 min. The band at 2960 cm™!
signaled the production of ethylbenzene, which correlates with its
presence at 6.77 min.
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Fig. 3. Evolved gas FTIR spectra of EP-A at the main decomposition steps (t=24.7 and
36.0 min) and comparative spectra (blue lines: main decomposition products).

From the data gathered from Py-GC/MS and TG-FTIR, a
decomposition mechanism of EP-A (Scheme 2) is proposed. The
two decomposition steps (see Fig. 1a) correspond to specific
mechanisms: Above 280 °C, unreacted epoxide moieties decom-
posed to form acrolein, and (unreacted) amine components pro-
duced cyclobutylamine, aniline, etc. Unreacted epichlorohydrin
provided the hydrochloric acid seen in Fig. 3 at 24.7 min. Water and
ketones were released from secondary hydroxyls. Additionally,
some rearrangements and dehydration of the cyclic hydrocarbons
from the amine component formed aromatic moieties. These
decomposed at higher temperatures, along with more densely
cross-linked moieties, resulting in the second decomposition step
which peaked at 398°C. Here, the decomposition of aromatic
moieties resulted in the production of ethylbenzene, and hydrolysis
of amines led to the evolution of ammonia. The decomposition of
aromatic structures at this temperature correlated with the
decomposition step of EP-B, which is based on the aromatic
bisphenol A structure. EP-B displayed a maximum mass loss at
372 °C and has a shoulder in the same temperature range as EP-A's
second mass loss step, indicating that aromatic decomposition
occurs in this temperature range.

The characterization of EP-A is crucial to understanding the
flame retardancy effects of the FRs, as the interaction between FR
and matrix during decomposition determines the efficacy of the FR
system.

3.3. Material properties of EPs and EP-FRs

One of the principal properties of polymeric materials is the
glass-transition temperature (Tg). It determines the functional
temperature range of the material. In the T; plots of the matrices
EP-A and EP-B (Fig. 4), there is a noticeable difference of approx.
50°C between them: the T of EP-A was 105 °C, while EP-B's T,
was 155°C. As EP-B contains aromatic rings, it's Ty is inherently
higher due to increased stiffness of the polymer chains [25]. The
incorporation of a FR additive into a polymer resin has the po-
tential to change the material properties of the matrix. Most ad-
ditives act as plasticizers and reduce Tg of the material due to a
reduction in the cross-linking density [26], and this phenomenon
was observable in the Tys of EP-A and EP-B with FRs. More spe-
cifically, the low molar mass FRs mE and mA decreased T; more
strongly than the polymeric hbFRs. The relatively low impact of
the hbFRs on T; has been previously studied and is linked to the
higher molar mass compared to mFRs [6]. Notably, the addition of
BDP decreased T between 19 and 22 °C, which is in the same
range as the hbE, but not hbA, as its presence increased the Tg of
EP-A. This behavior highlights the versatility of hbFRs in different
epoxy resin matrices, especially given that hbFRs are aliphatic and
BDP is aromatic. mE lowered Tg of the matrices by 30—42 °C, while
hbE only lowered Ty by 14—22°C. Similarly, mA lowered Ty by
24—36°C. hbA exhibited very different behavior in EP-A than in
EP-B: in the aromatic matrix, T was lowered by 12 °C, while in the
aliphatic matrix, T, was increased by 24°C. This behavior is
explained by the varied reactivity of the epoxy resin matrix: Pre-
vious investigations proved that phosphoramides act as additives
in EP-B, as 3'P and 'H NMR showed no reaction with phenyl gly-
cidyl ether [5]. However, the glycidol groups in EP-A possess a
different reactivity. To assess whether phosphoramides compete
with the amine component DMC during the curing process, mA
was mixed with glycidol and left to react under the same curing
conditions, and a 'H NMR was measured afterward (Figure S14).
The highlighted areas in Figure S14 signify that mA reacted with
glycidol, as the mixture of the two at curing conditions contained
different signals than the two individual components. From the 'H
NMR spectra, the signals of the amide protons (highlighted blue,



A. Battig et al. / Polymer Degradation and Stability 170 (2019) 108986 7

HN—R

NH,

Scheme 2. Proposed decomposition mechanism of EP-A.
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Fig. 4. Glass-transition temperatures (Tg) of EP-A and EP-B, and FR composites thereof
via DSC measurements. Change in T, of the FR-containing composites to the respective
epoxy resin is noted.

Figure S14) and the epoxy methylene and methine groups (high-
lighted gray) disappear. Moreover, Figure S15 ('H'H—COSY)
highlights the correlation between the methylene groups obtained
from the gylcidol and the methylene groups of the hexenyl side-
chain, proving the successful reaction of the phosphoramide with
glycidol. This is further supported by Figure S16, which shows a
correlation of the two methylene groups with the phosphorus and
the disappearance of the amide proton. It follows that phosphor-
amides compete with DMC in EP-A, but not in EP-B formulations.
Therefore, the increase in Ty is the result of hbA acting as a reactive
FR instead of an additive. The effect is stronger for hbA than for
mA due to the presence of many net-points in hbA not present in
mA. Thus, the macromolecular structure of hbA helped promote
cross-linking in EP-A, yielding a higher T,. This toughening effect
of the epoxy resin has been previously described [27,28], yet the
results herein point to the ability of a single hbFR to act either as
an additive or a reactive FR based on the chemical structure of the
epoxide-component.

3.4. Pyrolysis — Decomposition temperature and mass loss of EP-
FRs

The addition of FRs to a polymer matrix typically alters its
decomposition behavior. In Fig. 5a, the mass loss and mass loss rate
of EP-A is presented along with its FR containing variants, and
Fig. 5b shows the same for EP-B. The results of TGA measurements
of all FR-containig materials are summarized in Table 4.

During thermal decomposition, specific reactions ultimately
control the decomposition mechanism, e.g. hydrolysis, rearrange-
ments, etc. For FR-containing polymers, the decomposition
pathway of the matrix is influenced by the decomposing FR: as the
matrix and FR decompose, their respective decomposition products
react with another, ideally forming thermally stable residues. This
interaction between FR and matrix presupposes that the partially
decomposed matrix may interact freely with the partially decom-
posed FR, yet this interaction is greatest if both materials decom-
pose in the same temperature range, i.e. at the same “time”. It
follows then that the interaction between matrix and FR is greatest
if the overlap of Tqe is also greatest, as has been previously shown
to be the case [10—12].

Resins with the low molar mass FRs mE and mA exhibited low
Ts% due to the additional mass loss steps below 300 °C, a result of
the FRs vaporizing in this temperature range. The polymeric FRs
hbE and hbA also lowered Tsy in both EP-A and EP-B, but the effect
was less pronounced and is supposed to be related to a decrease in
cross-linking density leading to a decreased thermal stability [26].
Those resins containing BDP exhibited the weakest impact on Tsy
due to BDP's high thermal stability (Tyax = 415 °C).

In the range of the second decomposition step (Tmax2), the
changes of the corresponding mass loss (MLpax2) of EP-A with FRs
were caused by the reaction of the FRs with the decomposing
polymer matrix, either prior to or in this temperature range.
Notably, Tgec of the pure FRs closely match the Tge. ranges of EP-A:
ME (Tmax = 250°C) and hbE (Tmax = 280°C) decompose close to
Tmax1 of EP-A at 286 °C, while mA (Tnax = 317 °C) decomposes be-
tween the two maxima, and hbA (Tpax = 361 °C) decomposes close
to Tmax2 at 398°C. For EP-B, the main decomposition step at
Tmax1 =372 °C is more closely aligned to mA and hbA, than mE or
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Fig. 5. (a) Mass loss (bottom) and mass loss rate (top) of EP-A and FR-containing
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hbE; as a result, the increase in residue yields reflect this behavior.
As previously described, the first decomposition step is tied to
dehydration and cyclisation, while the second decomposition step
is related to the breakdown of aromatic moieties. Those FRs that
decompose closely to Tpax1 may phosphorylate the matrix, which
ultimately leads to cross-linking at higher temperatures. Moreover,
the change in Tpax2 as well as the reduction in mass loss results
from the interaction of P-species with aromatic components
forming polyaromatic residue. This correlates well with the in-
crease in residue at 700°C for all FRs. Therefore, the increased
overlap between FR and matrix Tgec-ranges led to improved
chemical interaction, resulting in higher residue yields.

Calculated residue yields were obtained by adding the residue of
each individual component at their respective content, simulating a
decomposition of the products without interaction. The measured
residue yields are significantly higher than the calculated values,
meaning that chemical interaction between the components dur-
ing pyrolysis must cause this increase. All FRs increased residue
yields of EP-A at 700 °C: mE and mA increased residue yields by a
factor of 1.8 and 2.0, respectively, while hbE and hbA increased
residues by a factor of 2.0 and 1.6, respectively. BDP increased
residues by a factor of 2.1. For EP-B, mE and mA increased residues
by a factor of 1.1 and 1.7, respecively, while hbE and hbA increased
residues by a factor of 1.7 and 1.8, respectively. BDP had the greatest
impact on EP-B, increasing residues by a factor of 1.8.

3.5. Pyrolysis — Evolved gas analysis of EP-FRs

The evolved gases from TGA measurements were analyzed via
FTIR, and the spectra of EP-A at Tpax1 and Tyaxo are displayed in
Fig. 6a and c, respectively; these spectra are rescaled to highlight
the fingerprint region in Fig. 6b and d, respectively. Fig. 7a shows
the spectra of EP-B with FRs at Tsy, while the spectra at Ty, x are
compiled in Fig. 7b, and a rescaled version is plotted in Fig. 7c.

The spectra of EP-A with FRs in Fig. 6a and c demonstrate that all
materials produce many of the same gases during decomposition,
namely water, carbon dioxide, and carbon monoxide, as well as
hydrochloric acid at Tyax1 (Fig. 6a) and methane at Tyaxo (Fig. 6¢).
More closely, the evolution of P-containing species was identified
via the band near 1030cm~! in Fig. 6b and d for EP-A/mE, as
indicated by the comparative spectra of pure mE. Moreover, while
the evolution of ammonia was prevalent in all spectra at Tpax2
(Fig. 6¢ and d), as indicated by the two bands at 960 and 930 cm ™.

The spectra in Fig. 7a correspond to evolved gases at Tsy from
resins with mE, hbE, mA, and hbA, respectively. For EP-B/mE and
EP-B/mA, TGA measurements indicated a mass loss of approx.
10 wt.-% at about 240 °C, prior to the main decomposition step.
Although such a mass loss step was missing for the resins with hbE
and hbA, similar products to those from EP-B with mFRs were
identified in the spectra at Tsy. The reason lies in the production of
hex-5-ene-1-ol for the phosphate-containing mE and hbE, or hex-
5-ene-1-amine for the phosphoramide-containing mA and hbA.
These products may result from hydrolysis of P—O or P—N,
respectively, as has been previously described [5], and the pro-
cess may provide further P-species than can interact with the
decomposing matrix. Fig. 7b illustrates that all materials exhibited
mostly identical decomposition products at Tpax for EP-B, pre-
dominately bisphenol A, as well as carbon monoxide and water, as
previously described [5,6]. An additional absorption band appeared
in the spectra of EP-B/mE, which was highlighted in Fig. 7c: the
band at 1030 cm~! was among the main signals in the TG-FTIR
spectrum of pure mE at its Trpax. The appearance of this band cor-
responds to a P-based signal, as many P-signals overlap in this re-
gion, e.g. vas (P—0—C) or vs (P—OH).

3.6. Pyrolysis — Condensed phase activity of EP-FRs via TG-FTIR

During thermal decomposition, the condensed phase interac-
tion of FR and matrix may lead to the formation of polyaromatic
compounds, and P-species play a significant role as networking
points. Condensed phase FTIR spectra via hot-stage FTIR provide
insight into the change in chemical surrounding during pyrolysis of
the materials, and offer clues to the interaction of the matrix and
FR.

The FRs investigated herein have been previously shown to act
in the condensed phase with EP-B, either through phosphorylation
of the matrix, the formation of polyphosphates as inorganic glasses,
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Results from TGA measurements of the epoxy matrices EP-A and EP-B and the FR-containing resins.

Material Tsy T, ML, Trax1 MLmax1 Timax2 MLmax2 1 (700°C) /wt.-% u (calc) fwt.-%
/°C |°C Jwt.-% /°C |wt.-% /°C Jwt.-%

EP-A 276 +2 - - 286 +2 348+0.3 398+1 588+1.2 4.6+0.3 —

+ mE 218+1 226+1 13.0+0.1 285+1 33.4+05 368+3 455+1.2 82+0.7 4.4

+ hbE 257 +2 — — 280+1 37.8+0.1 356+1 524+04 9.3+0.2 53

+ mA 244 +1 241 +1 6.8+0.2 281+1 32.6+0.1 3571 50.9+0.1 92+03 5.7

+ hbA 253+1 - — 299+1 39.2+0.2 356+1 51.9+0.1 7.5+0.1 5.9

+ BDP 271 +1 - — 282 +1 31.8+05 358 +1 57.8+0.6 9.8+03 4.2

EP-B 338+1 - — 372+1 62.0+0.8 424+5 332+03 45+0.1 -

+ mE 231x1 2331 89+0.1 337+1 77.8+0.1 422 +1 74+0.2 5.1+0.6 43

+ hbE 289 +1 — — 3511 54.6+0.1 424 +6 232+0.7 7.7+0.1 5.2

+ mA 245 +2 243 +1 7.1+04 352+1 74103 415+1 10.7 £0.1 7.6+0.2 5.6

+ hbA 283+1 - — 351+1 74.7+0.3 421+1 129+0.2 8.0+0.2 5.8

+ BDP 304 +1 - — 357 +1 74.6 +£0.2 423 £1 16.1+£0.3 8.2+0.1 4.2

= residue.
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Fig. 6. Evolved gas spectra of pyrolysis products of EP-A at specific decomposition temperatures via TG-FTIR. (a) Spectra at Tpax1, and (b) rescaled spectra between 1400 and

700 cm™ . (c) Spectra at Tpax2, and (d) rescaled spectra between 1400 and 700 cm ™.

or as (poly)phosphazenes, phosphorus oxynitrides, etc. [29—31]
Therefore, the effect of FRs on EP-B in the condensed phase are not
discussed further.

Fig. 8 displays the condensed phase FTIR spectra of EP-A with
FRs at key temperatures corresponding to various stages of
decomposition: before the first decomposition step (100 °C; top),
between two decomposition steps (325 °C; 2nd from top), end of
the second decomposition step (500°C, 2nd from bottom), and

final residues at the end of the experiment (600 °C; bottom).

For the pure resin EP-A, the first decomposition step entailed
the decrease of water signals above 3200 cm ™! (ether or secondary
alcohol bonds) and decreased absorption of characteristic finger-
print signals near 1100 and 750 cm™! (either saturated hydrocar-
bons or possibly (C—Cl) bonds from epichlorohydrin). At 325 °C, the
increased absorption around 1750—1650 cm~! pointed to dehy-
dration of saturated hydrocarbons, as this region is common for
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stretching vibrations of (C=C) bonds. Additionally, amides, ke-
tones, aldehydes, and esters show characteristic signals in this re-
gion, therefore implying hydrolysis of ether bonds. The decrease of
the ether absorption band at 1100 cm™! provides further evidence
of this process, further supporting the proposed mechanism in
Scheme 2. The disappearance of the signal at 750 cm™! (possibly
epichlorohydrin) may explain the appearance of hydrochloric acid
in the FTIR spectra of this decomposition step (see Fig. 6a). The

comparison of the spectra before and after the second decompo-
sition step of EP-A (325°C and 500 °C) revealed that the ether
bands at 1100 cm ™! disappeared in the pure EP-A spectrum, and the
broad absorption around 1750—1650 cm~! reduced to only con-
taining a signal at 1600 cm™!, which corresponds to secondary
amides, or phenol-based signals. The broad absorption band
>3000cm~!at 500°C pointed to the formation of unsaturated
hydrocarbons, but it is also a common range for (N—H) hydrogen
bonding. At 600 °C, the main signals from hydrocarbons at around
3000 cm ™! disappeared and only the signal at 1600 cm ™! remained
prominent.

With the addition of FRs, the condensed phase spectra of EP-A
were altered: At 100°C, the spectra of EP-A/mE and EP-A/mA
exhibited sharp bands at 3075, 1640, and 911 cm™', which corre-
spond to signals present in 1,5-hexadiene. Moreover, those resins
with phosphate-containing FRs mE and hbE displayed a band at
1259 cm™! that was also present in the ATR spectrum of pure mE,
belonging to the stretching vibration of phosphate (P=0) [8,32].
The spectra of EP-A with BDP at 100 °C further contained charac-
teristic bands pertaining to pure BDP, namely at 1588, 1489, 1194,
1163, 957, 836, and 688 cm ™.

When comparing the spectra at 100°C to that of 325°C, the
bands at 3075, 1640, and 911 cm ™! from 1,5-hexadiene disappeared
for both EP-A/mE and EP-A/mA, which correlated with the
decomposition mechanisms described previously. The signals from
BDP persisted, as this material only decomposed at higher tem-
peratures (compare Fig. 1b), as visible in the spectra at 500 °C.

At 500 °C, several specific bands appeared in all spectra of EP-A
with FRs, namely 1284 cm~! [v(P=0)], 1157 cm~! [Ry~(P=0)—OH
or P—0-Cayl, 1082cm™' [v(P-Ph) or P—0-Caky], 1020cm™!
[V(P—OH)=O0, or POz], 880cm™' [P—O—P or dya(P—H)], and
524 cm! [vskel(C—C)] [8,32]. These signals gained in intensity and
sharpness at 600°C, and the signal at 1284cm™! split in two:
1293cm™! [v(P=0)] and 1276 cm™! [veym(P—CH3)]. Additionally,
new signals at 688, 605, 560, and 495 cm™!, belonging to phenols
and P-species, appeared. These bands, which are also present in
residues of these FRs in EP-B [5,6], points towards the chemical
integration of P-species into the residue, and this condensed phase
mechanism was responsible for the residue increase in TGA and
PCFC measurements. For EP-A/mA and EP-A/hbA, the band at
1339cm~! corresponded to v(P=N—Ar) [33] or P=N—P com-
pounds as their vibration occurs in this wavenumber range [34];
their appearance pointed to the presence of phosphazenes.

3.7. Fire testing of EP-FRs via cone calorimeter

An effective method to ascertain the flame-retardancy potential
is by comparing the forced-flaming combustion of pure and FR-
containing polymer matrices by cone calorimeter. The method
yields crucial information on heat release rate (HRR), peak of HRR
(PHHR), fire load (= total heat release, THE), mass loss, and heat
release per mass loss (= effective heat of combustion, EHC). The
results of cone calorimeter measurements of EP-A (Fig. 9a) and EP-B
(Fig. 9b), with and without FRs, help illustrate the FR effect on the
two distinct matrices. Table 5 summarizes the main results for EP-A
and EP-B.

In Fig. 9a, the addition of FRs altered the shape of the HRR curve,
most notably for EP-A/hbA. All FRs increased PHRR of EP-A
(1881 kw m2) apart from hbE (reduction of 11%). hbA had the
largest impact on PHRR (3172 kW m—2), increasing it by a factor of
1.7. As changes in the PHRR correlate strongly with the protection
layer effect [8,35], the addition of hbA led to a decreased protection
layer, thus increasing the flux of fuel into the fire. This was made
evident by THR at flame-out (= THE): hbA in EP-A increased THE by
10%, while the other FRs decreased THE by 12% on average. The
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addition of FRs into EP-A increased residue yields up to 6.3 wt.-% for
mA and 5.5 wt.-% for hbA, while the phosphate FRs mE and hbE
only increased char yield to 3.6 and 3.5 wt.-%, respectively. Notably,
there is a slightly higher P-content in the resins with mE and mA
compared to hBE and hbA, yet both phosphates in EP-A produce
similar residue yields, and mA's increase in residue compared to
hBA in EP-A cannot only be explained by the different P-contents.
While residue yields give insight into the mass converted into fuel
during combustion, the relationship between fire load per mass
loss, i.e. EHC, provides better insight into the FR-effect. EP-A had an
EHC of 22.0 MJ kg~ ! and the addition of most FRs reduced this value
by about 10%, from 19.2 MJ kg~ for BDP up to 21.2 M] kg~! for mA.
However, hbA increased EHC of EP-A to 25.3 MJ kg™, an increase of
15%. Moreover, the reduction of EHC is strong evidence for the gas-
phase activity of P-FRs [8]. Therefore, mE and hbE are more effec-
tive FRs in EP-A than mA and hbA: they lowered fire load, showed
some protective layer effects, increased residue yield, and lowered
EHC by exhibiting an effective gas-phase mode of action. The
phosphoramide-containing FRs proved less effective in EP-A, as
both mA and hbA increased PHRR and had little influence on EHC.
When taking the heat of combustion of the volatiles into account
(cf. Figure S17, Table S1), the poor flame retardancy of EP-A/hbA is
attributed to the strong contribution of the FR to the heat, as well as
the lack of protective layer effects. The latter were caused by a low
interaction between matrix and FR, resulting from the FR inter-
acting with itself rather than with the matrix during

decomposition, similarly to phosphorus-FRs in PC/ABS blends [36].

Fig. 9b exhibits HRR and THR curves over time from EP-B as a
pure resin and with FR additives. The results highlight the change in
interaction between FR and polymer matrix: For EP-B, all FRs
lowered fire loads and increased char yields. The phosphate-
containing FRs mE, hbE, and BDP lowered THE and PHRR more
strongly than the amide-containing FRs mA and hbA. Phosphates
incurred higher mass loss, but lower EHCs. Phosphoramide-
containing FRs in EP-B led to significantly higher residue yields
compared to the pure resin, but both mA and hbA had subdued
effects on PHRR and EHC: hbA exhibited lower PHRR but higher
EHC, and mA showed the opposite effect. However, the relative
changes in PHRR and EHC of phosphoramide-containing FRs were
much lower in EP-B than in EP-A: hbA decreased PHRR in EP-B
(although it increased it in EP-A) and the increase in EHC was
only 5% (versus 15% in EP-A).

For both matrices, the benchmark material BDP effectively
lowered THE of the matrices EP-A and EP-B. BDP exhibited pre-
dominantly a gas phase mechanism and a minor condensed phase
mechanism, as evidenced by the reduction in EHC and small in-
crease in residue, respectively.

The residues after fire testing (Figure S18) further illustrated the
efficacy of phosphates in EP-A and EP-B to produce voluminous,
multicellular residues with more effective protection layer effects
than phosphoramidates, which created a dense, brittle char. The
difference in char formation was further illustrated in reaction to



12 A. Battig et al. / Polymer Degradation and Stability 170 (2019) 108986

THR / MJ m?
N
S

20

0+ T T T T |

0 60 120 180 240 300
Time/ s

300
Time /s
2000 — 120
[-o—EP-B N
—e—+ mE & 100 A
i + hbE € 80
) b
1500 | (&~ MA = 60
7| =+ hbA € 40
o —#— + BDP| T
] E 20
= 0+ . : . ‘ ‘
= 1000 — A 0 60 120 180 240 300
pay; ) Time/ s
x
x
T

0 60 120 180 240 300
Time/s
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FR-containing composites, and (b) EP-B and FR-containing composites, respectively,
from cone calorimeter measurements.

Table 5
Results of cone calorimeter measurements at a heat flux of 50 kW m2,

THE /MJm—2  PHRR /kW m~2  Residue /wt-%  EHC /M] kg™"
EP-A 86.5 +2.1 1881+133 1.7+0.1 22.0+06
+mE  744x14 1933 +35 3.6+0.1 19.4+04
+hbE  767+25 1672 +220 35+0.1 20.0+0.7
+mA  79.0+26 2287 +337 63+0.7 212412
+hbA  96.0+23 3172+29 55+1.6 253402
+BDP  749+4.4 1992 +379 2.6+0.1 192+ 1.1
EP-B 108.4+2.6 1696 + 180 0.7 +0.1 269+1.0
+mE  781+65 885+ 16 9.2+0.1 216+1.8
+hbE  89.8+3.0 953 +41 75+06 243 +06
+mA  916+12 1833+ 96 8.4+02 253+1.0
+hbA  955+23 1189 + 155 121427 282424
+BDP  875+12 1180 +41 3.1+£02 22.7+02

small flames tests, i.e. limiting oxygen index (LOI) and Under-
writer's Laboratory 94 (UL-94) tests (Table S2). All FRs generally
increased the oxygen index of EP-A and EP-B, phosphoramidates in
EP-A burned with a reduced horizontal burn speed compared to
phosphates, as their dense char was more successful at preventing
horizontal flame spread. In EP-B, hbFRs lowered burn speeds by
forming stable chars, compared to the more voluminous but fragile
char that mFRs formed due to their high volatility.

An effective method to visualize flame retardancy is by Petrella
plot, which graphs fire load (= THE) over fire growth rate (= PHRR/

m EP-A A EPB
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4 +hbE 7 +hbE
® +mMA & +mA
110 — % +hbA Y +hbA
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Fig. 10. Petrella-plot of EP-A and EP-B with FRs, assessing fire load versus fire growth
rate. Solid lines: monomeric/polymeric FR; dashed lines: difference between mono-
meric and hb polymeric FR.

tig) [37]. 1deally, the addition of FRs leads to a reduction of both (i.e.
shift to lower left corner of graph). Fig. 10 depicts the Petrella-plot
of EP-A and EP-B resin formulations. For EP-A, phosphate-con-
taining FRs improved both fire growth rate and fire load. When
comparing mE to hbE, the polymeric FR slightly increased THE but
decreased PHRR/ti;. For phosphoramide-containing FRs, mA
decreased fire load, but increased the fire growth rate, and hbA
increased both. The behavior is different for EP-B: the phosphate-
containing FRs improved flame retardancy by the greatest
amount, yet both phosphoramide-containing FRs lowered THE,
with hbA lowering both fire load and fire growth rate.

3.8. Modes of action and molecular mechanism

As previously investigated [5,6], the addition of mE, mA, hbE, or
hbA to EP-B increased residue yields in both pyrolysis and flaming
investigations: the FRs or their decomposition products interact
either directly with the matrix or its decomposition products via
phosphorylation, thus catalyzing the formation of polyaromatic
char and acting as a char stabilizer [9]. Moreover, EP-B contains
aromatic rings which can act as char precursors, further enhancing
the charring potential in the presence of P-FRs. mA and hbA were
shown to be more active in the condensed phase, especially
through the formation of (poly-)phosphazenes/phosphorus oxy-
nitrides [5,6]. For mE and hbE, the phosphate-moiety is susceptible
to cis-elimination [5,38], leading to more active phosphate-species,
which acted in the condensed and, via radical scavenging, in the gas
phase. As previous investigations showed, phosphates were more
likely to undergo cis-eliminations, while phosphoramides were
more likely to undergo hydrolysis reactions [5].

EP-A, on the other hand, is aliphatic and contains four epoxide
groups per epoxy moiety; bisphenol A in EP-B only contains two.
Therefore, the polymer network of EP-A has a different network
density, and more importantly, a higher polarity. As investigated,
the polymer matrix of EP-A decomposes in two steps under py-
rolysis, and some of those steps yield aromatic components via
rearrangement or dehydrogenation, which can act as char pre-
cursors. Moreover, the incorporation of FRs led to residue yields
that were higher than the calculated sum of the individual com-
ponents, signalizing the interaction of matrix and FR. Additionally,
Tmax of mE and hbE were closer to Trhax1 of EP-A, while Tihax mA and
hbA were closer to Tynax of EP-B. The chemical interaction was more
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and phosphate-containing FRs became more apparent in EP-A: The
addition of mE and hbE increased residue yields and led to a sub-
stantial reduction in EHC (mE: 12%; hbE: 9%) and THE (mE: 14%;
hbE: 11%). These results are explained by the effective fuel fixation
caused by increased interaction of matrix and FR, as well as the

T Ty T
DMC

pronounced for these specific FRs with a specific matrix, because
the Tgec-ranges of matrix and FR more closely matched, meaning
that decomposition products of both materials were more likely to
react with another.

In flaming conditions, the difference between phosphoramide-
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proven gas-phase activity/ flame poisoning of the phosphate-
containing FRs. The addition of mA and hbA to EP-A did not
improve the fire performance in the same way that it did for EP-B.
The reason for this may be a less pronounced chemical interaction
and the resulting change in condensed phase activity. mA and hbA
more greatly promoted char formation in EP-B due to the interac-
tion with bisphenol A-derived aromatic char precursors. Lacking
those precursors in EP-A, these phosphoramide-containing FRs
formed P—N compounds that, although retaining fuel in the form of
residue, did not offer a good protection layer effect. Poor protective
layers cause increased mass flux into the flame, resulting in higher
PHRR. Furthermore, hbA itself decomposes via hydrolysis and
produces hex-5-ene-1-amine [6], which additionally increases the
fire load of the sample. Moreover, EP-A is more polar than EP-B,
which may further impede the phosphoramide-containing FRs
from interacting with the decomposing matrix.

Scheme 3 illustrates the proposed decomposition mechanism of
the FRs and their interaction with the decomposing matrices EP-A
or EP-B. While hbFRs have a decomposition pathway distinct from
the mFRs, they share general decomposition mechanisms. More
importantly, hbFRs contain thiol-ether bonds, which propagate
cross-linking reactions. Phosphate-based FRs undergo cis-elimina-
tions, while phosphoramide-based FRs undergo hydrolysis [5]. Both
steps lead to a P-hydroxyl-group, which may interact with the
epoxy resin matrix or decomposition products thereof via phos-
phorylation. The higher epoxide-group content in EP-A leads to a
higher content of secondary hydroxyl groups; therefore, phos-
phorylation of EP-A is more likely than in EP-B. As the phosphate-
based FRs have a lower Tgec, they are more likely to phosphorylate
these hydroxyls before key functional groups of EP-A are lost due to
advanced decomposition. Hence, they have a stronger interaction
in the condensed phase, which explains the reduction in fire load of
EP-A, as increased phosphorylation leads to higher fuel storage.
Furthermore, the phosphate-based FRs more readily form P-based
radicals, thus acting strongly in the gas phase in both EP-A and EP-
B. This radical scavenging mechanism is strong for phosphate-
based FRs and explains the strong decrease in EHC of all matrices.
The phosphoramide-based FRs are less likely to interact with the
decomposing aliphatic matrix, in part because these FRs may un-
dergo inter-/ intramolecular reactions with themselves, leading to
the production of phosphorus oxynitrides or (poly-)phosphazenes,
as seen in condensed phase FTIR via the presence of P=N com-
pounds. A similar auto-reaction was shown for aryl phosphates in
PC/ABS blends, where an FR was shown to crosslink with itself
rather than enhance charring [36]. Phosphoramide-based FRs
proved effective in the condensed phase in EP-B due to interaction
with aromatic moieties, especially given that mA and hbA decom-
pose in similar temperature ranges as EP-B. For EP-A, these aro-
matic moieties form only after rearrangements or dehydrogenation
and are not readily available reaction partners; therefore, the
interaction between phosphoramide-based FRs and EP-A is weak in
the condensed phase. Lacking reaction partners, phosphorus oxy-
nitrides or (poly-)phosphazenes offer little protective layer effects,
and contribute to increasing fire loads; this increased THE in fire
tests of mA and hbA in both resins. Although the phosphoramide-
based FRs produced a substantial residue yield, previous in-
vestigations have shown that not quantity, but residue morphology
and properties thereof are paramount in flame retardancy [8].

4. Conclusion

A systematic library of phosphorus-based FRs (phosphate and
phosphoramide as low and high molar masses) was prepared and
investigated in two chemically different epoxy resins, one aliphatic
and one aromatic. Investigations of the pyrolytic decomposition via

TGA-FTIR, pyrolysis-GC/MS, hot stage FTIR, and PCFC, as well as fire
behavior of the pure matrices provided a background into under-
standing how the FR-containing composites behaved under py-
rolysis and fire testing conditions.

The chemical decomposition mechanisms of the FRs are
essential to understand their mode of action. However, also the
chemical structure of the polymer matrix strongly influences the
possible reactions during fire. The reaction between decomposition
products of both matrix and FR are crucial to achieve efficient flame
retardancy. Moreover, the importance of Tqec overlap between FR
and polymer matrix cannot be understated. When this overlap of
FR and matrix is highest, the chemical interaction is greatest,
leading to effective flame retardancy in the form of higher char
yield, reduced PHRR and lower THE. The presented results provide
some crucial tools to potentially optimize matrix-FR-systems:

hbFRs exhibited a slightly less pronounced reactivity but a
higher thermal stability than mFRs. This means that Tgec is tunable
via molecular weight. Especially for the multifunctional hbFRs, this
may prove useful for processing, especially given their decreased
impact on Tg. The overlap in temperature range between FR and
matrix can thus be increased if the molar mass of the FR is adjusted.

Phosphoramides typically possess a higher Tqec compared to
structurally analogous phosphates, but phosphates exhibit a
stronger gas phase mode of action. Crucially, altering the P—O and
P—N content results in varying degrees of chemical interaction
between matrix and FR. Depending on the properties of the matrix,
the FR can be shifted from additive to reactive FR for epoxy resins,
thus acting as a toughening agent, further highlighting the chem-
ical versatility of these materials as FRs.

It must be carefully considered how the efficacy or mechanisms
of FRs are evaluated, as these may change depending on the poly-
mer's chemical composition. Even within the realm of epoxy resins,
alterations to the chemical structure of the material affect flame
retardancy. The results of this study help underline that the
chemical structure-property relationship of the flame retardant
and the matrix matters when investigating the FR-efficacy and
mode of action of these synthesized FRs.

Acknowledgement

The authors thank the Deutsche Forschungsgemeinschaft (DFG)
for funding (DFG SCHA 730/15-1; WU 750/8-1).

Alexander Battig thanks Patrick Klack for his assistance with the
cone calorimeter, and Dr. Katharina Kebelmann for her assistance
with the Py-GC/MS.

Jens C. Markwart is the recipient of a fellowship through funding
of the Excellence Initiative (DFG/GSC 266) in the context of the
graduate school of excellence “MAINZ” (Materials Science in
Mainz). Jens C. Markwart and Frederik R. Wurm thank Prof. Dr.
Katharina Landfester (MPI-P, Germany).

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.polymdegradstab.2019.108986.

References

[1] M.M. Velencoso, A. Battig, ].C. Markwart, B. Schartel, F.R. Wurm, Angew. Chem.
Int. Ed. 57 (2018) 10450—10467.

[2] F. Marsico, M. Wagner, K. Landfester, F.R. Wurm, Macromolecules 45 (2012)
8511-8518.

[3] M. Steinmann, J.
8506—8513.

[4] T. Steinbach, F.R. Wurm, Angew. Chem. Int. Ed. 54 (2015) 6098—6108.

[5] J.C. Markwart, A. Battig, L. Zimmermann, M. Wagner, ]. Fischer, B. Schartel,
F.R. Wurm, ACS Appl. Polym. Mater. 1 (2019) 1118—1128.

Markwart, F.R. Wurm, Macromolecules 47 (2014)



(6]

(7]

[16]
[17]

[18]

[19]
[20]

A. Battig et al. / Polymer Degradation and Stability 170 (2019) 108986 15

A. Battig, J. Markwart, F.R. Wurm, B. Schartel, Polym. Chem. 10 (2019)
4346—-4358.

AF. Grand, CA. Wilkie, Fire Retardancy of Polymeric Materials, CRC Press,
2000.

B. Schartel, B. Perret, B. Dittrich, M. Ciesielski, J. Kramer, P. Miiller, V. Altstadt,
L. Zang, M. Doring, Macromol. Mater. Eng. 301 (2016) 9—35.

U. Braun, A Balabanovich, B. Schartel, U. Knoll, J. Artner, M. Ciesielski,
M. Doring, R. Perez, . KW. Sandler, V. Altstadt, T. Hoffmann, D. Pospiech,
Polymer 47 (2006) 8495—8508.

K.H. Pawlowski, B. Schartel, Polym. Int. 56 (2007) 1404—1414.

M.C. Despinasse, B. Schartel, Polym. Degrad. Stab. 97 (2012) 2571—2580.

B. Perret, K.H. Pawlowski, B. Schartel, ]J. Therm. Anal. Calorim. 97 (2009)
949-958.

A. Toldy, B. Szolnoki, G. Marosi, Polym. Degrad. Stab. 96 (2011) 371—-376.

A. Toldy, B. Szolnoki, I. Csontos, G. Marosi, ]J. Appl. Polym. Sci. (2014) 131.
M. Jimenez, S. Duquesne, S. Bourbigot, Surf. Coat. Technol. 201 (2006)
979-987.

J. Alongi, Z.D. Han, S. Bourbigot, Prog. Polym. Sci. 51 (2015) 28—73.

T. Misaki, T. Hirohata, M. Yoshii, T. Hamasaki, ]J. Appl. Polym. Sci. 37 (1989)
2617—-2625.

M. Fleischer, H. Blattmann, RJ.G.C. Miilhaupt, Green Chem. 15 (2013)
934-942.

B. Schartel, T.R. Hull, Fire Mater. 31 (2007) 327—354.

B. Schartel, M. Bartholmai, U. Knoll, Polym. Adv. Technol. 17 (2006) 772—777.

[21] ]. Artner, M. Ciesielski, O. Walter, M. Doring, RM. Perez, . KW. Sandler,

[22]
[23]

V. Altstadt, B. Schartel, Macromol. Mater. Eng. 293 (2008) 503—514.
L.-H. Lee, ]. Polym. Sci. - Part A Gen. Pap. 3 (1965) 859—882.
D.P. Bishop, D.A. Smith, ]. Appl. Polym. Sci. 14 (1970) 205—223.

[24]

A. Toldy, N. Toth, P. Anna, G. Marosi, Polym. Degrad. Stab. 91 (2006) 585—592.

[25] ].M.G. Cowie, V. Arrighi, Polymers: Chemistry and Physics of Modern Mate-

[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]

[37]
[38]

rials, CRC press, 2007.

M. Ciesielski, B. Burk, C. Heinzmann, M. Doring, in: D.-Y. Wang (Ed.), Novel
Fire Retardant Polymers and Composite Materials, Woodhead Publishing,
2017, pp. 3—51, https://doi.org/10.1016/B978-0-08-100136-3.00002-9, ch. 2.
L. Boogh, B. Pettersson, ].A.E. Manson, Polymer 40 (1999) 2249—-2261.

R. Mezzenga, L. Boogh, J.AE. Manson, Compos. Sci. Technol. 61 (2001)
787—795.

S.V. Levchik, in: A.B. Morgan, C.A. Wilkie (Eds.), Flame Retardant Polymer
Nanocomposites, John Wiley & Sons, Inc., 2006, pp. 1-29, https://doi.org/
10.1002/9780470109038.ch1.

E.D. Weil, Fire Retardancy of Polymeric Materials, 2000, pp. 115—145.

S.V. Levchik, G.F. Levchik, A.L. Balabanovich, E.D. Weil, M. Klatt, Angew Mak-
romol. Chem. 264 (1999) 48—55.

M. Hesse, H. Meier, B. Zeeh, Spektroskopische Methoden in der organischen
Chemie, Georg Thieme Verlag, 2005.

L.C. Thomas, Interpretation of the Infrared Spectra of Organophosphorus
Compounds, Heyden London, 1974.

LN. Zhmurova, A.A. Kisilenko, A.V. Kirsanov, ]J. Gen. Chem. USSR 32 (1962)
2544, &.

S. Brehme, B. Schartel, J. Goebbels, O. Fischer, D. Pospiech, Y. Bykov, M. Déring,
Polym. Degrad. Stab. 96 (2011) 875—884.

E. Wawrzyn, B. Schartel, M. Ciesielski, B. Kretzschmar, U. Braun, M. Doring,
Eur. Polym. J. 48 (2012) 1561—-1574.

R. Petrella, J. Fire Sci. 12 (1994) 14—43.

S. Gaan, P. Rupper, V. Salimova, M. Heuberger, S. Rabe, F. Vogel, Polym.
Degrad. Stab. 94 (2009) 1125—1134.



Supplemental Information of Manuscript

Matrix Matters: Hyperbranched Flame Retardants in Aliphatic and
Aromatic Epoxy Resins

Alexander Battig,>* Jens C. Markwart,>* Frederik R. Wurm,®** and Bernhard Schartel®"

2Bundesanstalt fiir Materialforschung und -priifung (BAM), Unter den Eichen 87, 12205 Berlin,
Germany.

®Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany.
lthese authors contributed equally

* corresponding author: Bernhard Schartel, Bundesanstalt fiir Materialforschung und -priifung
(BAM), Unter den Eichen 87, 12205 Berlin, Germany. bernhard.schartel@bam.de;

** corresponding author: Frederik R. Wurm, Max-Planck-Institut flir Polymerforschung,
Ackermannweg 10, 55128 Mainz, Germany. wurm@mpip-mainz.mpg.de

Pyrolysis-Gas Chromatography/Mass Spectrometry spectra
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Figure S1. Mass spectrum of pyrolysis products of EP-A at 325 °C at 2.39 min, corresponding to
acrolein.
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Figure S2. Mass spectrum of pyrolysis products of EP-A at 325 °C at 4.29 min, corresponding to 2-
vinylfuran.
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Figure S3. Mass spectrum of pyrolysis products of EP-A at 325 °C at 7.95 min, corresponding to 3-
chloro-1,2-propanediol.
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Figure S4. Mass spectrum of pyrolysis products of EP-A at 325 °C at 8.72 min, corresponding to
aniline.
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Figure S5. Mass spectrum of pyrolysis products of EP-A at 325 °C at 9.42 min, corresponding to
cyclobutylamine.
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Figure S6. Mass spectrum of pyrolysis products of EP-A at 325 °C at 15.39 min, corresponding to
mebrobamate.
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Figure S7. Mass spectrum of pyrolysis products of EP-A at 325 °C at 16.49 min, identified as
dispiro[cyclohexane-1,2’-bicyclo(1.1.0)butane-4’,1”-cyclohexane], which may correspond to 4,4’-
methylene-bis(cyclohexane).
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Figure S8. Mass spectrum of pyrolysis products of EP-A at 325 °C at 16.97 min, corresponding to 1-
methyl-2-methylenecyclohexane and/or 6-methyl-3-cyclohexane-1-methanol.
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Figure S9. Mass spectrum of pyrolysis products of EP-A at 500 °C at 2.66 min, corresponding to 2-
butenal.
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Figure S10. Mass spectrum of pyrolysis products of EP-A at 500 °C at 4.54 min, corresponding to 1,2-
dinitroso-2-methyl-cyclohexane.
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Figure S11. Mass spectrum of pyrolysis products of EP-A at 500 °C at 6.77 min, corresponding to
ethylbenzene.

8000 N OH

7000 —

6000 —

g 5000
T 4000
g i
< 3000 |

2000 —

1000 —

0 [P | 1 1

77771

20 40 60 80 100 120 140 160 180 200
Mass (m/z)

Figure S12. Mass spectrum of pyrolysis products of EP-A at 500 °C at 16.76 min, corresponding to 2-
(4-methylcyclohexyl) ethanol, or 1,7-dimethylspiro[4.5]decane.
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Figure S13. Mass spectrum of pyrolysis products of EP-A at 500 °C at 19.30 min, corresponding to
neomenthylamine.
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Figure S14. a) 'H-NMR (250 MHz in CDCl; at R.T.) of glycidol; b) *H-NMR (300 MHz in CDCl; at R.T.) of
mA; c) *H-NMR (300 MHz in d-DMSO at R.T.) of mA reacted with glycidol.
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Figure $15. *H-'H COSY (250 MHz in DMF-d at R.T.) of mA reacted with glycidol.
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Heat of combustion of EP-FRs
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Figure S17. Heat release rate curves of (a) EP-A with FRs, and (b) EP-B with FRs via PCFC
measurements.

In a fire, the gaseous products from pyrolytic decomposition at the gas / condensed phase interface
feed the diffusion flame. Determining the heat of complete combustion via PCFC is useful in assessing
the heat release of volatiles and provides an insight into the combustibles and possible flame-retardant
modes of action such as flame dilution. It should be noted that the results from PCFC cannot be
compared to forced-flaming conditions via cone calorimetry, as flame poisoning, a crucial mode of
action for P-FRs, is not detectable in PCFC. The heat release curves from PCFC measurements of EP-A
with FRs are plotted in Figure S17a, Figure S17b depicts those curves from EP-B with FRs, and Table S1

summarizes the results.
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When mE and mA were present in resins, a small increase in heat release appeared at approx. 250 °C.
Notably, the hbFRs exhibited a less pronounced increase in heat release in the same temperature
range as the low molar mass FRs. This small increase in heat release coincides with the mass loss step
near 250 °C in TGA measurements (Figures 5a and 5b). Thus, the volatiles from this decomposition step
contribute to the heat release; moreover, FTIR analysis pointed to the production of hex-5-ene-1-ol or

hex-5-ene-1-amine in Figure 7a.

The addition of FRs increased the residue yields of both EP-A and EP-B similarly: mE increased residue
yield by a factor of 2.1 in EP-A and by 1.2 in EP-B, while the increase factor for hbE was 2.1 in EP-A and
2.7 in EP-B. The addition of mA into EP-A increased residues by a factor of 3.7, but it only increased
residues by a factor of 2.9 in EP-B. In contrast, hbA’s residue increase factor was 2.8 in EP-A and 3.0 for
EP-B. Phosphoramide-containing FRs caused higher residue yields than those containing phosphates
due to greater overlap in Tgc-range (compare Figure 1b). BDP attained higher residue yields in EP-B

(factor: 3.0) than in EP-A (factor: 1.5), which correlates well with previous TGA measurements.

The heat of complete combustion (h°), which is the ratio of total heat release and mass loss, may
change for flame-retarded materials if incombustible gases such as water, CO,, or ammonia are
released. The h% of EP-A and EP-B was altered by the addition of FRs in different ways: both mE and
mA increased h% by 1% in EP-A and by 2% in EP-B, respectively. On the other hand, hbE decreased h°
by 3% in EP-A and by 1% in EP-B, while hbA increased h’ in EP-A and decreased it in EP-B. The polymeric
FR hbA may have a higher affinity to the aromatic matrix EP-B during decomposition, causing the

release of more incombustible gases during pyrolysis.
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Table S1. Results from pyrolysis and complete combustion of the volatiles of EP-A and EP-B resins
with FRs via PCFC measurements.
HRC/Jg'K! THE/klg! Residue/wt.-% h°%/klg?

EP-A 223 18 243 0.1 1.7+0.1 25.1%0.1
+ mE 202 13 24.5 0.2 3.610.1 25.3+0.2
+ hbE 194 +3 22.7+0.1 3.54#0.1 24.4+0.1
+ mA 186 +6 23.5+0.1 6.310.7 25.3+0.1
+ hbA 232 £2 24.9+0.2 48+0.2 26.110.1
+ BDP 255 +7 23.0+0.2 2610.1 24.6+0.3
EP-B 434 +7 32.0+0.3 2.1+0.1 32.7+0.1
+ mE 432 +9 32.7 0.3 25+0.5 33504
+ hbE 447 +1 30.5+0.3 57+0.1 323104
+ mA 386 +4 31.1+0.4 6.1+0.1 33.5%0.1
+ hbA 398 £31 30.0£0.3 6.4+0.2 32.0+0.2
+ BDP 255 +7 30.1+0.4 6.2+0.1 32.1:04

Reaction to small flames via LOI and UL-94

Reaction-to-small-flame tests, i.e. limiting oxygen index (LOI) and Underwriter’s Laboratory 94 (UL-94),
help to determine the behavior of a given material in the incipient fire stage. Vertical and horizontal
flame-spread give insight into the flammability of the material: flame-retarded materials often reach
higher oxygen indices (Ol) or better UL-94 ratings (e.g. V-0) than their base matrix due to gas or

condensed phase activity such as flame poisoning or char formation, or alternatively through enhanced

dripping.

Table S2 summarizes the results from LOI and UL-94 measurements and highlights the change in
behavior compared to the base material. The addition of FRs increased charring, which was able to
snuff downward flame spread and led to increased Ol. The addition of FRs led to an Ol increase
between 2 — 5 vol.-% in EP-A, and an average increase of 4.4 vol-% in EP-B. Notably, mE and hbE
attained slightly higher Ol values in EP-A than in EP-B, while mA and hbA, and especially BDP, raised Ol
more strongly in EP-B than in EP-A. The addition of BDP led to the highest Ol in EP-B (24.0 vol.-%), yet
it presented the lowest Ol in EP-A (21.6 vol.-%). The change in behavior resulted from the lack of

chemical interaction during combustion, as indicated from TGA results.
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Table S2. Results from reaction to small flame tests LOI and UL-94 of EP-A and EP-B with FRs.

/voI.-o%I, /Voﬁ_o%l’ UL-94 class ?l::r]nsfnﬁici rel. A(Burn speed)
EP-A  19.7 £0.3 - HB40 43.0£0.8 -
+mE 24.5%0.2 +4.8 HB 31.1+0.3 -28%
+hbE 24.410.3 +4.7 HB 35.110.2 -18%
+mA 23.3+0.2 +3.6 HB 30.1 6.5 -30%
+hbA 22.110.2 +2.4 HB 25.2 £6.5 -41%
+BDP 21.6+0.2 +19 HB 27.7 £1.5 -36%
EP-B 18.7 0.3 - HB 31.7£3.6 -
+mE 23.2+0.3 +4.5 HB 30.01.6 -5%
+hbE 22.110.2 +34 HB 27.7t4.4 -13%
+mA 22.9+0.2 +4.2 HB 38.3+2.9 +21%
+ hbA 23.3+0.2 +4.6 HB 22.0+0.7 -31%
+BDP 24.00.2 +53 HB 19.6 £3.6 -38%

All tested materials burned intensely in UL-94 vertical tests, owing to the high fire load of the epoxy
resins; thus, all materials required horizonal tests. EP-A burned with an average burn speed of
43.0 mm s-1, reaching only an HB40 classification. The addition of FRs decreased the horizonal burn
speed by 18-41%, the lowest value belonging to EP-A/hbA. Similarly, the addition of FRs to EP-B altered
the horizontal burning speed. Notably, while the addition of mA increased burn speed in EP-B, it
lowered the horizontal burn speed in EP-A. This is attributed to the increased heat of combustion of
mA in EP-B, but not in EP-A. Moreover, hbA decreased the burning speed in both matrices, but
impacted EP-A most strongly, a result of its reactive FR properties in this matrix. However, while the
materials gained some improvement through the addition of FRs, the high fire load of the epoxy resins
could not be overcome by the FRs. While Ol and burning speed generally improved with FR addition,
higher FR loadings may be necessary to attain higher Ol and V-classification of high-performance

materials.

S11



Residue Analysis

EP-A/BDP EP-B/BDP

Figure S18. Residues from cone calorimeter measurements of EP-A and EP-B resins and FR containing
composites.

The specimen residues after cone calorimeter measurements provide a valuable insight into the mode
of action of the tested FRs. Figure S18 presents the residues of EP-A and EP-B resins and their FR
containing composites. Notably, EP-A and EP-B burned almost completely with little residue remaining.
The addition of BDP to the matrices increased the residue amount, yet the morphology of EP-B/BDP
was different than that of EP-A/BDP: although the difference in residue amount is only about 0.5 wt.-%,
EP-B/BDP was more voluminous and resembled a multicellular char layer. Consequently, BDP formed
a more effective protective layer, thus explaining the strong reduction of PHRR for EP-B but not EP-A.
The phosphate FRs mE and hbE more strongly reduced PHHR in EP-B than in EP-A for the same reason,
as the residue surface of EP-A/mE and EP-A/hbE were frayed and less voluminous than that of EP-B/mE
and EP-B/hbE. For the phosphoramide FRs mA and hbA, the lack of a strong multicellular char acting

as a protective layer resulted in the increased PHRR compared to EP-A and EP-B. Instead, the residues
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were dense and brittle and offered scant protective layer effects. The incorporation of mA into the
matrices generally increased PHRR because the dense char acted as a thermal conductor to the
underlying material, thereby increasing the release of volatiles. Notably, EP-A/mA had the shortest
burning time (Figure 9a). For hbA, the difference in PHRR between EP-A and EP-B is due to the

difference in volume and the multicellular structure of EP-B/hbA.
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Abstract

Hyperbranched polyphosphoesters are promising multifunctional flame retardants for
epoxy resins. These polymers were prepared via thiol-ene polyaddition reactions. While key
chemical transformations and modes of actions were elucidated, the role of sulfur in the
chemical composition remains an open question. In this study, the FR-performance of a series
of phosphorus-based flame retardant additives with and without sulfur (thio-ethers or
sulfones) in their structure are compared. The successful synthesis of thio-ether or sulfone-
containing variants is described and verified by *H and 3'P NMR, also FTIR and MALDI-TOF.
A decomposition process is proposed from pyrolytic evolved gas analysis (TG-FTIR, Py-
GC/MS), and flame retardancy effect on epoxy resins is investigated under pyrolytic conditions
and via fire testing in the cone calorimeter. The presence of sulfur increased thermal stability
of the flame retardants and introduced added condensed phase action. Likely, sulfur radical
generation plays a key role in the flame-retardant mode of action, and sulfones released
incombustible SO.. The results highlight the multifunctionality of the hyperbranched polymer,
which displays better fire performance than its low molar mass thio-ether analogue due to the
presence of vinyl groups and higher stability than its monomer due to the presence of thio-

ether groups.
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ARTICLE INFO ABSTRACT

Keywords: Hyperbranched polyphosphoesters are promising multifunctional flame retardants for epoxy resins. These
Phosphoester polymers were prepared via thiol-ene polyaddition reactions. While key chemical transformations and modes of
Hyperbranched actions were elucidated, the role of sulfur in the chemical composition remains an open question. In this study,
'T'l}lllif;;her the FR-performance of a series of phosphorus-based flame retardant additives with and without sulfur (thio-

ethers or sulfones) in their structure are compared. The successful synthesis of thio-ether or sulfone-containing
variants is described and verified by 'H and 3P NMR, also FTIR and MALDI-TOF. A decomposition process is
proposed from pyrolytic evolved gas analysis (TG-FTIR, Py-GC/MS), and flame retardancy effect on epoxy resins
is investigated under pyrolytic conditions and via fire testing in the cone calorimeter. The presence of sulfur
increased thermal stability of the flame retardants and introduced added condensed phase action. Likely, sulfur
radical generation plays a key role in the flame-retardant mode of action, and sulfones released incombustible
SO,. The results highlight the multifunctionality of the hyperbranched polymer, which displays better fire
performance than its low molar mass thio-ether analogue due to the presence of vinyl groups and higher stability
than its monomer due to the presence of thio-ether groups.

Flame retardant
Epoxy resin

1. Introduction

Polymeric flame retardants (FRs) based on phosphorus (P) are
gaining increased attention, [1] not only because they more closely
adhere to the requirements of REACH, but particularly due to their
ability to mitigate some of the drawbacks of low molar mass variants,
e.g. leaching or blooming out of the matrix, which diminish material
properties such as glass-transition temperature (T,). Especially hyper-
branched (hb) polymers have been recently investigated, as these ma-
terials act as multifunctional FRs in polymer resins, thereby exhibiting
good miscibility, low impact on T,, and effective flame retardancy at
low loadings [2]. Hyperbranched polymers may be produced in a one-
pot synthesis, as opposed to the highly symmetrical dendrimers; [3] this
ease of synthesis is a major contributor to the use of these complex-
shaped polymers in a wide array of fields [4,5]. The choice of reaction
type is highly relevant to the material properties and application, and a
wide range of synthetic approaches have been described [6,7]. Pre-
viously, P-based A3 and more recently AB,-type hb-polymers were
synthesized, [8,9] and their efficacy as FRs for bisphenol A-based and

* Corresponding authors.

pentaerythritol-based epoxy resins (EPs) was proven [10,11]. Another
approach to attain P-based hb-polymers is via an A, + Bs-type reaction:
in previous works, P-based polymeric hyperbranched FRs (hb-FRs) were
synthesized and their efficacy as additive FRs in bisphenol A-based
epoxy resins (EPs) were demonstrated [12]. The hb-FRs were synthe-
sized via thiol-ene polyaddition using ethanedithiol as an A,-unit and
low molar mass P-based FRs with systematically varied P-O and P-N
contents as Bs-units. These low molar mass FRs were previously syn-
thesized and investigated as additives in EP [13]. Research into the low
molar mass FRs and their hb-polymeric variants indicated that con-
version to polymers generally improved thermal stability and decreased
impacts on T,. However, the comparison between hb-polymers and
their monomers did not fully consider the role of the sulfur (S)-con-
taining A,-component and how its presence may affect flame re-
tardancy.

In this work, the role of S-containing compounds, i.e. thio-ethers
and sulfones, in the flame retardancy of P-based FRs is investigated to
gain a better understanding of the impact of the Aj-linker of hb-FRs.
Two S-containing low molar mass P-FRs are synthesized and their
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performance as additives in bisphenol-A-based EPs are compared to
that of the previously synthesized hb-FR (hbPPE) and its non-S-con-
taining monomer (mPE). To better compare the performance of low
molar mass FRs to that of hbPPE, a thio-ether-containing compound
(mPE-S) is prepared via thiol-ene reaction of mPE with ethanethiol.
Additionally, mPE-S is oxidized to form a sulfone-containing compound
(mPE-S-0x).

The use of sulfur in flame retardancy has been investigated for a
wide array of flame retardants and polymers. The role of sulfur oxi-
dation was investigated for P-esters in bisphenol A, where it was found
that flame retardancy increased with increasing levels of oxidation state
[14]. Several S-containing FRs have been previously investigated in
polycarbonates (PC), many of them as aromatic sulfonate salts [15].
Although the flame-retardant modes of action are not completely clear,
one investigation stipulated that Fries-rearragement was accelerated by
aromatic sulfonates in PC, causing higher cross-linking but a faster
decomposition [16]. Moreover, extensive investigations into the flame-
retardant action of elemental sulfur, sulfides, and disulfides were per-
formed, highlighting that these compounds decompose to form sulfur
radicals, which may promote cross-linking reactions [17,18]. Sulfone-
containing FRs were shown to release sulfur dioxide into the gas-phase,
[19] which acts not only as a fuel-diluent thus reducing the combustion
efficiency, but was shown to act as a radical-scavenger [20,21]. Ad-
ditionally, P-containing sulfones have been investigated as a tough-
ening agent and flame retardant for epoxy resins [22]. Other S-based
FRs include sulfamic acid-based salts, i.e. ammonium sulfamate, or
diammonium imidobisulfonate, which proved as effective FRs for
cotton and wool, [23] polyamide 6, [24,25] and polymethyl metha-
crylate or polystyrene [26]. Furthermore, P and S-containing FRs have
also been investigated in PC [27] and in thermoplastic polyurethanes
[28].

By analyzing the difference between S- and non-S-containing low
molar mass FRs, new light may be shed on the role that S plays in
effective flame retardancy of hb-FRs. Furthermore, by assessing the
flame-retardant action of S-containing low molar mass FRs (S-FRs),
additional information on the mode of action of hb-FRs may be gained,
thus potentially helping improve future formulations.

2. Materials and methods

All chemicals were purchased from commercial suppliers as reagent
grade and used without further purification. Bisphenol A bis(diphenyl
phosphate) (BDP) was supplied by Albemarle (Louvain-la-Neuve,
Belgium). Diglydyl ether of Bisphenol A (DGEBA, Araldite MY740) was
supplied by Bodo Miiller Chemie GmbH (Offenbach am Main,
Germany). 2,2’-Dimethyl-4,4’-methylene-bis-(cyclohexylamine) (DMC)
was purchased from Merck KgaA (Darmstadt, Germany).

2.1. Syntheses

mPE, hbPPE

mPE was prepared as previously described, [13] by the reaction of
phosphoryl chloride with 5-hexene-1-ol. hbPPE was prepared as pre-
viously described, [12] where mPE was allowed to react with 1,2-
ethanedithiol using azobisisobutyronitrile (AIBN) as an initiator.

mPE-S

mPE (56.5g; 164.0 mmol; 1.0 eq.) was added to a dried 250 mL,
round-bottomed flask under an argon atmosphere. Then, ethanethiol
(48.5mL; 656.2mmol; 4.0 eq.) was slowly added while stirring the
solution and cooling the flask with a water bath at room temperature.
After a few minutes, AIBN (808.1 mg; 4.9 mmol; 0.03 eq.) was added
and the mixture was stirred overnight at 40 °C. The crude mixture was
concentrated at reduced pressure to give a yellowish oil in quantitative
yields.

H NMR (300 MHz, Chloroform-d, 8): 4.01 (q, J = 6.7 Hz, 6H), 2.51
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(q, J = 7.3Hz, 12H), 1.68 (dd, J = 12.9, 6.2 Hz, 6H), 1.63 - 1.51 (m,
6H), 1.39 (s, 12H), 1.24 (t, J = 7.4 Hz, 9H). (Fig. S1)
31p {H} NMR (121 MHz, Chloroform-d, 8): —0.67 (s, 1P). (Fig. S2)

mPE-S-ox

mPE-S (33.0g; 62.2mmol; 1.0eq.), dissolved in N,N-di-
methylformamide (DMF) (125mL), was added to a 250 mL, round-
bottomed flask. Then, B(OH); (82.9 mg; 1.2 mmol; 0.02 eq.) and 35%
H>0, (55mL; 621.7 mmol; 10.0 eq.) were added while stirring the so-
lution and cooling the flask with a water bath. The reaction was al-
lowed to continue over night at 75 °C. The crude mixture was trans-
ferred to a separation funnel, where dichloromethane (DCM) and water
were added. The water phase was washed two more times with DCM
and the combined organic layers were washed with NaHCO3 solution,
10% aqueous hydrochloric acid solution and brine. The organic layer
was dried over magnesium sulfate, filtered and concentrated at reduced
pressure to give a white wax in quantitative yields.

H NMR (300 MHz, Chloroform-d, 8): 4.00 (q, J = 6.6 Hz, 6H), 2.95
(q, J=7.4Hz, 12H), 1.82 (dd, J=6.4, 5.7Hz, 6H), 1.68 (dd,
J = 6.6 Hz, 6H), 1.43 (m, 12H), 1.37 (t, J = 7.5 Hz, 9H). (Fig. S3)

31p {H} NMR (121 MHz, Chloroform-d, 8): —0.71 (s, 1P). (Fig. S4)

MALDI-TOF: 627.25 [M + H]", 649.24 [M + Na]™, 665,21
[M + K] (Calculated M ™ : 626.24).

Sample preparation

Epoxy resin samples were prepared in the following manner:
DGEBA was placed into in a 1 L polypropylene cup and, where ap-
plicable, the FR (10 wt.-% loading) was added. With a wooden spatula,
the mixture was blended until homogenous. DMC was then added next,
then all components were stirred until fully mixed. Finally, the contents
were poured into prepared aluminum molds. For cone calorimeter
measurements, samples sized 100 mm X 100 mm X 4 mm were used.

2.2. Methods

'H, 3P {H}, and '3C {H} nuclear magnetic resonance (NMR)
spectra were recorded with Bruker Avance spectrometers operating
with 250, 300, 500, and 700 MHz frequencies in deuterated chloroform
or deuterated dimethyl sulfoxide as a solvent. The calibration of the
spectra was done against the solvent signal. The spectra were analyzed
using MestReNova 9 from Mestrelab Research S.L.

Matrix-assisted laser desorption/ ionization - time of flight
(MALDI — TOF) measurements were carried out with a Reflex I mass
spectrometer (Bruker, Bremen, Germany), equipped with a 337 nm ni-
trogen laser. The spectra were recorded in the linear mode with the
Bruker HIMAS detector at an acceleration voltage of 30 kV. 2-[(2E)-3-
(4-tert-Butylphenyl)-2-methylprop-2-enylidene]malononitrile ~ (DCTB)
was used as a matrix. To avoid fragmentation in MALDI-TOF mass
spectrum (MS) measurements, the laser power required for the deso-
rption/ionization process was carefully adjusted slightly above
threshold.

A TG 209 F1 Iris (Netzsch Instruments, Selb, Germany) was used for
thermographic analysis (TGA) measurements. A CryoMill (RETSCH,
Germany) was used to mill epoxy resin-based samples into powder
under liquid nitrogen. Pure FR samples (5mg) or powdered polymer
samples (10 mg) were heated at a constant heating rate (10 Kmin™1)
from 30 to 900 °C under a nitrogen flow (30 mL min~Y). A Fourier
transform infrared spectrometer Tensor27 (Bruker Optics, Ettlingen,
Germany) was used for evolved gas analysis of TGA samples (TG-FTIR).
A heated (270 °C) transfer line connected TGA with FTIR. A Vertex70
FTIR spectrometer (Bruker Optics, Ettlingen, Germany) with an at-
tached FTIR600 hot-stage cell (Linkam Scientific Instruments Ltd.,
Chilworth, UK) was used to measure condensed phase FTIR (range:
4000 — 40 cm™Y; resolution 0.4cm™1). Samples (5mg) were mixed
with potassium bromide (150 mg) and pressed into a platelet (pressure:
7 t). Under a constant heating rate (10 Kmin~!) and constant nitrogen
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flow (300 mL min~ 1Y), the platelets were heated from 30 to 600 °C.

A PY3030iD micro-furnace single-shot pyrolyzer (Frontier
Laboratories, Japan) coupled via a split/ splitless inlet port to a 7890B
gas chromatograph (Agilent Technologies, USA) and combined with a
5977B mass selective detector (Agilent Technologies, USA) was used to
measure pyrolysis gas chromatography — mass spectrometry (Py-GC/
MS). The mass spectrometer detector (ionization energy = 70 eV) had a
scan range of 15 - 50amu. Samples (150 pg) were pyrolyzed
(T = 500 °C) via gravimetric fall into the pyrolysis zone under helium
atmosphere. Using an Ultra Alloy + -5 capillary column
(Iength = 30 m; inner diameter = 0.25 mm; film thickness = 0.25 pm),
evolved pyrolysis products were separated under a constant flow of
helium (1 mL min~!). The column temperature ran for 2 min at 40 °C,
then heated (10Kmin~!) to 300°C and held for 10 min. The gas
chromatograph injector (T = 300 °C) ran a split of 1:300. Peak assign-
ments and product identification were done with the aid of the NIST 14
MS library.

A microscale combustion calorimeter (Fire Testing Technologies
Ltd., East Grinstead, UK) was used for pyrolysis flow combustion ca-
lorimetry (PCFC) measurements. At a constant heating rate (1 Ks
and constant gas flow (nitrogen: 80 mL min~'; oxygen: 20 mL min 1),
powdered samples (5mg) were pyrolyzed from 150 to 750 °C, and the
evolved gases were combusted at 900 °C.

A Netzsch 204 FR “Phoenix” (Netzsch Instruments, Selb, Germany)
was used to measure differential scanning calorimetry (DSC). Samples
from the bulk material (5 mg) were measured at a constant heating/
cooling rate (10 Kmin~1) from —80 — 180 °C. Three heating and two
cooling runs were measured, and data was collected from the second
and third heating run to determine the glass transition temperature.

A cone calorimeter (Fire Testing Technology Ltd., East Grinstead,
UK) was used for forced-flaming combustion experiments according to
ISO 5660. Samples (100 mm X 100 mm X 4 mm) were stored in a cli-
mate control (T = 23 °C; RH = 50%) for at least 48 h before testing. To
simulate a developing fire, [29,30] a distance between sample and
heater of 35 mm and a heat flux of 50 kW m ™2 was chosen. Tests were
conducted in duplicate, unless the margin of error was greater than
10%, whereupon a third measurement was conducted.

3. Results and discussion
3.1. Synthesis of FRs
mPE was synthesized by the reaction of 5-hexen-1-ol with phos-

phoryl chloride as previously described [13].
The synthesis of mPE-S was performed in a single reaction step from
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mPE and ethanethiol by a thiol-ene-reaction (Scheme 1la). Further
purification, such as distillation or chromatography, was not necessary.
The resulting compound was a liquid at room temperature and had a
calculated P-content of 5.84 wt.-%. It was soluble in aromatic (e.g. to-
luene) and halogenated solvents (e.g. dichloromethane and chloro-
form), and insoluble in water. Successful synthesis of mPE-S was fol-
lowed by "H NMR spectroscopy (Fig. 1a). After the thiol-ene-reaction,
the resonances of the double bonds at 8.83 — 5.70 ppm and 5.02 -
4.93 ppm vanished, and a new resonance signal at 2.51 ppm for the
methylene groups next to the thio-ether was detected. The *'P NMR
spectrum (Fig. 1 b) revealed a single signal at —0.67 ppm, which is ty-
pical for phosphates.

In a second reaction, mPE-S was oxidized with hydrogen peroxide
using boronic acid as a catalyst (Scheme 1 b) at 75 °C overnight to form
mPE-S-ox. After oxidation to the sulfone, the resonance of the methy-
lene groups next to the sulfone group shifted downfield to 2.95 ppm in
1H NMR (Fig. 1 c), which is characteristic and has been reported for
similar compounds [31]. In addition, the successful oxidation to the
sulfone and not to the sulfoxide was supported by IR spectroscopy, as
indicated by the characteristic frequencies at 1299cm™! and
1124 cm ™! (Fig. 2a) [32] and MALDI-TOF mass spectrometry (Fig. 2b).

The polymeric FR hbPPE was prepared via a thiol-ene reaction of
mPE with ethanedithiol. Its synthesis has been previously described
and will not be further illustrated here [12].

3.2. Pyrolysis — Decomposition temperature and mass loss of FRs

All FRs were characterized by their mass loss under pyrolytic con-
ditions via thermogravimetric analysis (TGA) (Table 2). The mass loss
and mass loss rate curves of mPE-S and mPE-S-ox (Fig. 3a) highlighted
that both S-FRs are more thermally stable than mPE. The beginning of
decomposition, i.e. the temperature at 5 wt.-% mass loss (Ts,), of mPE-
S was approx. 30 °C higher than that of mPE, and Tso, of mPE-S-ox was
approx. 10 °C higher than that of hbPPE. The temperature of maximum
decomposition rate (Ty.x) of mPE-S was in the same temperature re-
gion as that of hbPPE, and mPE-S-ox decomposed at slightly higher
temperatures (Tmax = 286 °C). The increased thermal stability stems
from the thio-ether or sulfone groups, which are more thermally stable
than allyl-groups. By “end-capping” the vinyl groups of mPE, added
thermal stability is afforded to mPE-S. Furthermore, sulfone groups are
more thermally stable than thio-ether groups, as mPE-S-ox degraded at
elevated temperatures compared to mPE-S. When comparing the re-
sidues at 700 °C, the residue of mPE-S was higher than that of mPE by a
factor of 2.7. Moreover, the residue of mPE-S-ox was in the same range
as that of hbPPE. The presence of thio-ethers altered the decomposition
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Scheme 1. Synthesis schemes of thio-ether and sulfone-containing FRs: (a) mPE and ethanethiol were allowed to react via thiol-ene-reaction with AIBN as initiator to
form mPE-S; (b) mPE-S was oxidized with hydrogen peroxide with boronic acid as a catalyst to form mPE-S-ox.
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Fig. 1. (2) "H NMR (300 MHz in CDCl; at 298 K) of mPE-S; (b) *'P {H} NMR (121 MHz in CDCl; at 298 K) of mPE-S; (c) 'H NMR (300 MHz in CDCl; at 298 K) of

mPE-S-ox; >'P {H} NMR (121 MHz in CDCl; at 298 K) of mPE-S-ox.

of mPE by replacing the highly reactive vinyl group; moreover, the
thio-ether bond decomposed to form sulfur radicals. As it has been
shown that radical formation plays a significant role in flame re-
tardancy, [33] the higher residue yield is explained by sulfur radicals
undergoing cross-linking reaction with the decomposing FR.

3.3. Pyrolysis — Evolved gas analysis of FRs

The evolved gases during pyrolytic decomposition were analyzed
via thermogravimetric analysis coupled with Fourier transform infrared
spectroscopy (FTIR) (Fig. 4), and via pyrolysis coupled with gas chro-
matography and subsequent mass spectrometry (Py-GC/MS) (Fig. 5).
The decomposition products of mPE and hbPPE were previously in-
vestigated: the main products corresponded to 5-hexen-1-ol, where the
®-OH group was identified via FTIR by the band at 1043 cm ™%, and 1,5-
hexadiene, where the vinyl group exhibited a strong band at 916 cm ™!
[34]. The vinyl function, which was visible for all tested FRs, resulted
from cis-eliminations, where the scission of the (PO)-C bond resulted in
an vinyl group [13]. hbPPE exhibited an additional absorption band at
1271 cm ™~ ! which matched a signal from ethanedithiol, [35] indicating
the presence of S in the decomposition spectrum. For mPE-S, the FTIR
spectrum exhibited an absorption band at 1267 cm ™' which was nearly
identical to the band seen in hbPPE and comparatively 1-hexanethiol
[35]. Thus, this band relates to thio-ether or thiol groups. Moreover, the
spectrum showed similarities to 5-hexen-1-ol via the band at
1043 cm !, implying that the decomposition product contained signals
of both w-OH and thio-ether groups caused by the hydrolytic scission of
the P-O bond, resulting in the production of 6-(ethylsulfanyl)-1-hex-
anol. For mPE-S-ox, the decomposition spectrum displayed strong ab-
sorption at 1339 and 1142 cm ™! belonging to characteristic sulfone
groups, [34] as evidenced by the comparative spectrum of 1,1-

sulfonylbispropane [35]. Furthermore, the development of 1-hexanol
was underlined by the absorption at 1043 cm ™~ and confirmed by Py-
GC/MS.

Py-GC/MS measurements of the FRs (Fig. 5) provided further evi-
dence of the evolution of specific decomposition products identified in
FTIR spectra of the evolved gases (Fig. 4). The presence of 5-hexene-1-
ol in the FTIR spectrum of mPE was verified in the mass spectrum at a
retention time of 6.63min (Fig. S6). For mPE-S, the production of
ethanethiol at 2.26 min (Fig. S2) and diethyl sulfide at 3.38 min (Fig.
S5) were observed. Identical to hbPPE, mPE-S decomposed to form
tetrahydro-2-methyl-2H-thiopyran (7.79min, Fig. S9), 2-ethylte-
trahydro thiophene (8.21 min, Fig. S10), and thiepane (9.29 min, Fig.
S11). Notably, mPE-S-ox formed SO,, as implied by the mass spectrum
at 1.92min (Fig. S1), as well as 1-hexanol at 6.68 min (Fig. S7). The
formation of SO, for sulfones has been noted in literature [19]. mPE-S-
ox decomposed to form a tetrahydrofuran-like material; the mass
spectrum of 2-propyl-tetrahydrofuran showed similarities to the mass
spectrum at 7.75min (Fig. S8), yet 2-ethyl-tetrahydrofuran is more
reasonably formed when considering the C-atom amount. Notably, the
mass spectrum at 8.21 min of mPE-S-ox shared similarities with 2-
ethyltetrahydro thiophene, possibly stemming from unreacted thio-
ether groups. The production of 1,5-hexadiene was present in the
chromatograms of mPE, mPE-S, and hbPPE at 2.63min (Fig. S3).
However, for mPE-S-ox the evolution of 1-hexene was observed at
2.64 min (Fig. S4).

The decomposition mechanisms for mPE [13] and hbPPE [12] have
been described previously, and generally involved cis-eliminations and
hydrolysis reactions. From the evolved gas analyses from FTIR and Py-
GC/MS measurements, a decomposition process for the S-FRs is pro-
posed (Scheme 2):

The decomposition of several thio-ether [36] and of sulfone
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Table 1
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[37,38]—containing compounds have been described in literature and
involve the production of S-radicals. For mPE-S, cis-elimination leads to
the production of 6-(ethylsulfanyl)-1-hexene, which further decom-
poses via the homolytic cleavage of the C-S bond, thus producing the
products (a), (b), (c), and (d) (Scheme 2), depending on which C-S bond
is cleaved. The beta-scission of (a) leads to the formation of 1,5-hex-
adiene, which was identified in Py-GC/MS, and the recombination re-
action of (b) and (c) leads to the formation of diethyl sulfide, which was
also detected. Hydrogen atom abstraction of (b) leads to ethanethiol,
which was observed at 2.26 min, and hydrogen transfer of (d) and cy-
clisation reactions lead to the formation of tetrahydro-2-methyl-2H-
thiopyran, 2-ethyltetrahydro thiophene, and thiepane. For mPE-S-ox,
the driving force of decomposition is the release of SO,: sulfone-con-
taining olefins undergo a transfer of the $-hydrogen atom to the sul-
fone-group and subsequent elimination of a vinyl functionalized olefin
and sulfinic acid, the latter rapidly decomposing to form SO, and alkyl
radicals [39]. Hydrolysis or cis-elimination reactions of mPE-S-ox form
1-(ethylsulfonyl) hexanol or 1-(ethylsulfonyl)-hex-5-en, respectively.
Both products decompose via the aforementioned pathway, and via
hydrogen atom transfer reactions 1-hexanol or 1-hexene are produced;
both compounds were identified in Py-GC/MS. The decomposition of
hbPPE is expanded (Scheme 2) to more precisely describe the pro-
duction of several measured compounds: while hydrolysis or cis-elim-
ination reactions of terminal groups lead to the production of 5-hexene-
1-ol or 1,5-hexadiene, respectively, cis-elimination of linear or dendritic
units yields thio-ether-containing compounds. These thio-ethers un-
dergo cyclisation and elimination reactions to form cyclic thio-ethers,
but they also undergo homolytic C-S bond cleavage to form radical
compounds: the vinyl-functionalized alkyl radical undergoes 3-scission
to yield 1,5-hexadiene, and previously reported [12] thiirane and 1,4-
dithiane are formed from elimination reactions and subsequent di-
merization, respectively.

3.4. Material properties — Resin blends

In most cases, additives act as plasticizers in polymer resins:

Material abbreviation, names, chemical structures, and calculated phosphorus content.

Abbreviation Name Chemical structure P-content (calc.)
mPE Tri(hex-5-en-1-yl)phoshate O 9.0 wt.-%
A0 PO A AF
(o]
M
mPE-S Tris[6-(ethyl thio)hexyl]phoshate Q 5.8 wt.-%
NG N0 AN
o]
K/\/\/S\/
mPE-S-0x Tris[6-(ethyl sulfonyl)hexyl]phoshate Q 4.9 wt.-%
P S NG NN 0 bl O NG PN N
N . Ss
oo 0 oo
o, O
H\/\/S\/
hbPPE hb-Poly(phosphate) o 7.0 wt.-%
0-p-0
o n
K/\/\/S\/\si’
BDP Bisphenol A bis(diphenyl phosphate) Q Q 8.5 wt.-%
O YOO
DGEBA Diglycidyl ether of bisphenol A > f -
>0 ! ‘ o™<J
DMC 2,2’-dimethyl-4,4’-methylene-bis- (cyclohexylamine)
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Table 2
Results from thermogravimetric analysis (TGA) of FRs and EP.

European Polymer Journal 122 (2020) 109390

Material Ts9/°C Timax/°C MLax/Wt.-% Tshoutder/"C MLshoulder/Wt.-% Residue (700 °C)/wt.-%
mPE 195 = 3 250 = 2 95.7 = 1.4 - - 2.8 = 0.8
mPE-S 228 + 4 277 = 0 90.2 = 1.6 - - 7.5 £ 0.2
mPE-S-ox 252 + 4 286 £ 2 83.4 = 0.0 - - 11.8 = 0.5
hbPPE 242 = 2 280 = 1 83.3 = 0.2 - - 11.2 =+ 1.4
DGEBA-DMC 338 =1 372 = 1 62.0 = 0.8 424 = 5 33.2 £ 03 4.5 = 0.1
BDP 331 =1 415 £ 6 85.5 + 2.2 467 = 3 11.8 = 1.3 1.8 £ 0.9

Onset temperatures (Tso); temperature of maximum decomposition rate (Ty,ay); mass loss of decomposition step at Tpax (MLyay); temperature of additional de-
composition step, i.e. “shoulder” (Tshoulder); Mmass loss of decomposition step at shoulder (MLgpoulder)-

additives affect the cross-linking density of the material, altering its
mechanical properties and affecting the glass-transition temperature
(Ty) [40]. The impact of the FRs on the T, of EP was determined via
differential scanning calorimetry (DSC) (Fig. 6a) DGEBA-DMC had a T,
of 155°C, and the addition of FRs lowered it between 21 and 38 °C
(Fig. 6b). EP with BDP (EP/BDP) had a T; of ca. 134 °C; EP with hbPPE
(EP/hbPPE) and EP with mPE-S-ox (EP/mPE-s-ox) displayed T,s in a
similar temperature range, i.e. 132 and 129 °C, respectively. Resins with
mPE (EP/mPE) and mPE-S (EP/mPE-S) exhibited the lowest Tgs at 117
and 118 °C, respectively. DSC measurements identified that the thio-
ether-containing mPE-S affected the Ty of EP similarly to the allyl-
functionalized mPE, indicating that “end-capping” did not improve the
impact on T,. Furthermore, the sulfone-containing mPE-S-ox had a
reduced impact on T, of EP, comparable to that of hbPPE. This phe-
nomenon can be explained by the bulky sulfone groups that affect the
free-volume of the matrix, thus altering the energy needed to attain a
flowing process of the polymer chain, resulting in increased T, [41].

3.5. Pyrolysis — Decomposition temperature and mass loss of resin blends

The pyrolytic decomposition of EP and of EP-FRs were investigated
via TGA (Fig. 7a): the mass loss of EPs with S-FRs illustrated that the
low Tso, and approx. 10 wt.-% mass loss near 230 °C exhibited by EP/
mPE was not shared by EP/mPE-S or EP/mPE-S-ox (Table 2), implying
that “end-capping” the vinyl-groups increased the thermal stability of
the EP-FRs. This is further exemplified by the low Ty,x of EP/mPE
compared to the S-FR-containing EPS; Ty.x of EP/mPE-S and of EP/
mPE-S-ox were both in the same range as Ty, of EP/BDP and of EP/
hbPPE, i.e. about 15 - 20 °C lower than Ty, of EP. Moreover, the re-
sidue yields at 700 °C of S-FR-containing EPs were higher than that of
EP/mPE (Fig. 7b). The addition of mPE to resins increased residue
yields at 700 °C by about 13%, which is the lowest among the tested
FRs. However, mPE-S-ox and mPE-S had a greater impact on residue,
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Fig. 4. FTIR spectra of pyrolytic decomposition products of FRs at Tp.y via
thermogravimetric analysis coupled with Fourier transform infrared spectro-
scopy (TG-FTIR).

increasing yields by 41% compared to pure EP (residue = 4.5 wt.-%).
When comparing EP/mPE to the S-FRs, the thio-ether “end-capping”
led to an increase in residue yield of 24% (Table S1). The sulfone-
containing FR did not additionally yield higher residues compared to
the thio-ether. The presence of sulfur increased the thermal stability of
mPE, leading to increased interaction with the decomposing matrix,
thus producing higher char yields. Moreover, the presence of sulfur in
FRs may promote cross-linking reactions by generating sulfur-radicals,
as noted in the decomposition of the pure FRs. The oxidation state of
sulfur did not play a role in the increase of residue. EP with hbPPE
exhibited higher pyrolytic residues than those EPs with low molar mass
S-FRs, even though pure mPE-S-ox had similar residue yields as pure

—— DGEBA-DMC] ) b
a) BOE 0.6 2 )20 o
—— mPE 18
—— mPE-S 16 -
mPE-S-ox 14 ]
—— hbPPE %5 ]
100 §10 4\\
g ol
E 6 -
~ 50 e
n 4 -
% e ———————————
= , 27
O+——7F— 77 7 71 0 +——7—

0 100 200 300 400 500 600 700

Temperature / °C

L
600 650 700
Temperature / °C

Fig. 3. (a) Mass loss (bottom) and mass loss rate (top) of pyrolytic decomposition of pure FRs and EP via TGA; (b) Comparison of residue remaining between 600 and

700 °C of pure FRs and EP.
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Fig. 5. Gas chromatograms of FRs from Pyrolysis-Gas Chromatography/Mass
Spectrometry (Py-GC/MS) measurements.

hbPPE. The presence of sulfur in FRs improved the residue yields of EP
in pyrolysis, thus helping to explain the high residue yields of EP/
hbPPE. Additionally, the presence of certain S-species may act as a
synergist with P-based flame retardants; previous investigations into
halogenated flame retardants for polystyrene proved some cooperative
effects of disulfides and sulfonamides [42].

3.6. Pyrolysis — Evolved gas analysis of resin composites

Evolved gas analysis of the resin blends further illustrated the FR
modes of action: FTIR analysis of the pyrolytic decomposition products
(Fig. 8) highlighted the evolution of specific products prior to the main
decomposition step (Fig. 8a), namely 5-hexen-1-ol for EP/mPE and EP/
hbPPE. For EP/mPE-S, the spectrum shared similarities with 1-hex-
anol, especially via the absorption band at 1048 cm ™' and the lack of
absorption at 917 cm ™! which corresponds to 8,0,(C-H) of the vinyl
groups. The spectrum of EP/mPE-S-ox at 312°C exhibited decom-
position products from the epoxy matrix, especially from phenol pro-
ducts, identified by the absorption bands at 1175 and 749 cm™’.
Moreover, the spectrum shared similarities with the evolved gas of pure
mPE-S-o0x, as identified by the band at 1140 cm ™ 1 belonging to v5(SO»),
thus implying that some SO,-species progressed into the gas phase. The
spectra at the main decomposition step (Fig. 8b) showed the decom-
position of the epoxy matrix, as evidenced by the similarities of all
spectra with that of EP. As previously reported, [13] the spectrum of
EP/mPE exhibited mPE signals even at the main decomposition step,
most probably due to phosphorylation of the resin caused by the strong
reactivity of mPE.

The resin blends were analyzed by means of pyrolysis combustion
flow calorimetry (PCFC) to further understand how the evolved gas
affects the gas phase. Although some FRs are known to act in the gas
phase via radical scavenging, this mode of action cannot be detected in
PCFC due to the complete oxidation of the pyrolysis products in the
combustion zone. However, PCFC (otherwise known as micro cone
calorimetry, i.e. MCC) may be used to measure fuel dilution effects, as
the evolution of incombustible gases do not contribute to oxygen con-
sumption, i.e. heat release. The production of incombustible gases can
be quantified by changes in the heat of complete combustion (h."). The
plot of HRR vs. time (Fig. 9) of PCFC measurements pointed to a de-
crease in PHRR for most flame retardant-containing EPs, with mPE-S-
ox lowering the PHRR of EP by 21% (340W g~ ', as opposed to
429 W g~ ! of EP). EP/mPE-S-ox also displayed the lowest heat release
capacity (HRC), THE, and hc?, followed by EP/mPE-S (Table S2). The
low molar mass S-FRs produced incombustible products during pyr-
olytic decomposition: For mPE-S-ox, SO,-release was identified in Py-
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GC/MS measurements, and PCFC results of EP/mPE-S-ox further illu-
minate that its release is a gas-phase mode of action of this FR. More-
over, mPE-S produced a S-containing compound during pyrolysis, i.e.
1-hexanethiol or a derivative thereof. As this product further decom-
posed, it produced incombustible gases, as indicated by the reduction in
h.°. Notably, hbPPE did not have the same effect in lowering h.° as
mPE-S or mPE-S-ox in EP; this is mainly due to the presence of linear
and terminal units in the structure of hbPPE, which decomposed to
form 1,5-hexadiene, analogous to mPE. The release of this compound
contributed to the combustion heat, thus explaining the increase in h.°
for EP/mPE compared to EP. Thus, the thio-ether groups competed
with the vinyl-groups in hbPPE, leading to only moderate reduction in
h.° of EP/hbPPE comprated to EP.

3.7. Pyrolysis — Condensed phase activity of resin blends

The condensed phase spectra from hot-stage FTIR measurements
(Fig. 10) portrayed the change in specific absorption bands for all FR-
containing EP blends. For EP/mPE-S-ox, the band of asymmetrical
1(SO,) was visible at 1125 cm ~ ! between 100 and 500 °C, indicating its
presence even after the main decomposition step of EP. Moreover, both
EP/mPE-S and EP/mPE-S-ox exhibited an absorption band at
744 cm ™! at 600 °C, which correspond to S-containing species such as
V(C-S) of O=CH-S-Ar, v4(S-O-C) of S-O-CH,-R, or vs(P=S) of various P
and S-containing compounds [32,34]. The spectra of the S-containing
EP-FRs and EP/hbPPE did not exhibit absorption bands at 1511, 1456
and 832 cm !, where EP, EP/mPE, and EP/BDP showed signals. These
bands originate from Bisphenol A-based compounds; their dis-
appearance for EP/mPE-S, EP/mPE-S-ox, and EP/hbPPE indicates that
S-FRs have a different decomposition pathway.

While the volatility of the low molar mass FRs was significantly
reduced after thiol-ene reaction and oxidation (cf. TGA measurements
in Fig. 3), the additional thio-ethers or sulfons affected the FR’s re-
activity. Phosphorylation is a major contributor to the condensed phase
mode of action of P-FRs: the interaction between hydroxyl groups in the
resin matrix and P-species leads to increased charring [43]. However,
this process changed when polar groups such as thio-ether or sulfone
were present. Thus, although all FR are active in the condensed phase
and S-containing FRs exhibited higher residue amounts in EP in pyr-
olysis measurements (Table 3), the type of residue is notably different
from sulfur-free to sulfur-containing FRs. It has been reported that the
production of sulfonic acid further promotes char formation [44,45].
The presence of S-containing species may point to such a process for the
tested FRs.

3.8. Fire testing of resin blends

Fire testing via cone calorimeter measurements was effective in
examining the modes of action of the various FRs and especially the S-
FRs. From the results (Table 3), a reduction of the total heat evolved
(THE = total heat release [THR] at flame-out) of all EP-FRs was noted,
although the degree of reduction was distinct for each FR. mPE had the
strongest impact on reducing the fire load of EP, lowering THE by 28%
(Fig. 11 b). The S-FRs mPE-S-ox and mPE-S exhibited a less pro-
nounced fire load reduction of EP, only lowering its THE by 8 and 11%,
respectively, whereas the benchmark FR BDP and the hyperbranched
polymeric FR hbPPE both lowered THE of EP by 17 and 19%, respec-
tively. The HRR curves (Fig. 11a) shed some light on the modes of
action of the low molar mass S-FRs: About 30 s after ignition, the curves
of EP/mPE and EP/hbPPE exhibited a reduction in HRR and displayed
a plateau-like area resultant from the formation of a protective char
layer. This plateau was also visible for EP/mPE-S and EP/mPE-S-ox,
but the reduction in HRR was less pronounced; furthermore, the peak of
heat release rate (PHRR) of EP/mPE-S-ox was higher than that of EP/
mPE-S, indicating that the protective layer effect was stronger for the
thio-ether-containing FR than for the sulfone-containing one. This point
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Fig. 6. (a) Differential scanning calorimetry (DSC) measurements of the second
heating run of EP and EP-FRs; (b) Relative change in glass-transition tem-
perature (T,) of EP-FRs compared to EP.

was strengthened by the fact that EP/mPE-S and EP/hbPPE had similar
PHRR values; both contain thio-ether groups. The changes to THE and
PHRR can be visualized via Petrella-plot, where the fire load, i.e. THE,
is plotted versus the fire growth index, i.e. PHRR/time to ignition (t;g)
(Fig. 11c) [46]. Both low molar mass S-FRs were able to lower fire load
and fire growth index of EP in a similar manner, with mPE-S lowering
THE of EP more strongly. However, mPE and hbPPE were more ef-
fective in lowering the fire load and fire growth rate of EP, illustrating
that these materials were more able to bind fuel or create a strong
protective layer than the S-FRs. This is further exemplified by the re-
sidue yields: while all FRs increased char yields (Fig. 11d), EP/mPE-S-
ox had the second lowest char yield of all tested materials, the lowest
exhibited by EP/BDP. Moreover, the char yield of EP/mPE-S was in a
similar range to that of EP/hbPPE, further highlighting that thio-ether-
containing FRs were more effective in storing fuel in the form of car-
bonaceous char than sulfone-containing FRs in EP blends. The S-FRs
were able to create higher residue amounts in pyrolytic investigations
of EP than during fire tests, and the low char yield also helps explain the
higher fire loads of EP/mPE-S and EP/mPE-S-ox compared to the other
EP-FRs. The low char yield in fire tests resulted from a reduced phos-
phorylation of the matrix, i.e. a low reactivity of the FR’s decomposition
products with the decomposing matrix. Moreover, mPE-S and mPE-S-
ox have a lower P-content than mPE or hbPPE (Table 1), thus ex-
plaining the lower residue yields and higher fire loads in EP blends
resulting from a reduced P-based condensed and gas phase activity. Fire
tests proved that the high volatility and reactivity of mPE, as well as its
higher P-content, was more effective in binding fuel compared to the
thio-ether and sulfone-containing FRs. As evolved gas analysis high-
lighted the production of SO, for the sulfone-containing FR, its gas
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diluting effect may be the main mode of action; however, it is plausible
that the release of SO, inhibited the FR to effectively bind fuel in the
condensed phase. Furthermore, the reduced P-content of mPE-S-ox
further explains the lower residue yield and protective layer effect in
EP, as well as a higher fire load.

4. Conclusion

To gain further insight into the flame-retardant effect of polymeric
hyperbranched polyphosphoesters (hbPPE), the material was compared
to two sulfur-containing low molar mass variants of the monomeric
phosphoester mPE.

Pyrolytic decomposition investigations of the FRs illustrated that
the increased thermal stability and higher residue yield of hbPPE
compared to its monomer mPE stemmed not only from its higher mo-
lecular mass, but also from thio-ether groups present in hbPPE: the
thio-ether-containing FR mPE-S displayed a higher Ty.. and residue
yield than mPE, and the sulfone-containing mPE-S-ox proved even
more thermally stable and retained higher residues than mPE-S. The
presence of sulfur altered the decomposition pathway of the P-FRs: thio-
ethers promoted the production of S-radicals which cross-linked to
promote residue yield, while sulfonates decomposed to release in-
combustible SO,.

In epoxy resins, the sulfur-containing FRs affected the glass-transi-
tion temperature of the resin less strongly than the sulfur-free mPE.
Moreover, the presence of sulfur decreased the volatility of the P-FRs
and encouraged an overlap of decomposition temperatures of FR and
matrix, thus improving chemical reactivity. Moreover, the presence of
sulfur increased condensed phase activity, and several sulfur species
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were identified in the residues via FTIR. Fire tests of FR-containing
epoxy resins exemplified that hbPPE’s effectiveness as an FR was not
rooted solely in the presence thio-ether groups, but the occurrence of
both vinyl and thio-ether groups.

The results of this study highlight that the presence of sulfur in
hbPPE played a significant role to the multifunctional qualities of the
hyperbranched P-FR, mainly by improving thermal stability, reducing
the impact on T, of epoxy resins, and adding additional chemical de-
composition mechanisms in the condensed phase and thus improving

10
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Table 3
Results from cone calorimeter measurements.
THE/MJm~2 PHRR/AKW m™?  p/wt-% EHC/MJ kg™ *

EP 108.4 = 2.6 1696 + 180 0.7 = 0.1 26.9 = 1.0
EP/BDP 875 + 1.2 1180 + 41 31 = 0.2 22.7 £ 0.2
EP/mPE 78.1 = 6.5 885 = 16 9.2 = 0.1 21.6 = 1.8
EP/mPE-S 96.5 = 0.7 958 + 51 7.7 = 0.0 25.2 + 0.6
EP/mPE-S-ox 99.3 = 5.0 1219 + 26 4.7 = 0.5 27.5 = 0.4
EP/hbPPE 89.8 + 3.0 953 + 41 7.5 = 0.6 24.3 + 0.6

Total heat evolved (THE = total heat released at flame-out); peak of heat re-
lease rate (PHRR); char yield (p); effective heat of combustion (EHC).

residue yields.
CRediT authorship contribution statement

Alexander Battig: Conceptualization, Methodology, Investigation,
Writing - original draft, Writing - review & editing, Visualization. Jens
C. Markwart: Investigation, Resources, Writing - original draft, Writing
- review & editing. Frederik R. Wurm: Conceptualization, Supervision,
Funding acquisition, Writing - review & editing. Bernhard Schartel:
Conceptualization, Supervision, Funding acquisition, Writing - review &
editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

Funding: This work was supported by the Deutsche
Forschungsgemeinschaft [DFG SCHA 730/151; DFG WU 750/8-11].

Alexander Battig thanks Dr. Katharina Kebelmann (BAM) for help
with Py-GC/MS measurements and Patrick Klack (BAM) for support
with the cone calorimeter. Jens C. Markwart is the recipient of a fel-
lowship through funding of the Excellence Initiative (DFG/ GSC 266) in



A. Battig, et al.

a 2000 — — DGEBA-DMC
) g + BDP
] + mPE
E + mPE-S
1500 . + mPE-S-ox
i ] + hbPPE
%10005
14 ]
04
= ]
500
0 T T T T T
0 60 120 180 240 300
Time/s
C) 110 -
)
©
2105
o
2
~ 100
o
£
- 95
=
= 90 m DGEBA-DMC
¥ ® +mPE
© 85 A +mPE-S
v +mPE-S-0x
80 4 +hbPPE
[ ] <4 +BDP
75 Fr—r—rr—1r—r—r——————

30 35 40
PHRR/t, / kW s m?  "Fire growth index"

the context of the graduate school of excellence “MAINZ” (Materials
Science in Mainz). Frederik R. Wurm and Jens C. Markwart thank Prof.
Dr. Katharina Landfester (MPIP) for support.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.eurpolym;j.2019.109390.

References

[1]

[2]

[3]

[4]
[5]
[6]

[71

[8]

[91

[10]

[11]

M.M. Velencoso, A. Battig, J.C. Markwart, B. Schartel, F.R. Wurm, Molecular fire-
fighting-how modern phosphorus chemistry can help solve the challenge of flame
retardancy, Angew Chem. Int. Ed. 57 (2018) 10450-10467.

Q.F. Wang, W.F. Shi, Kinetics study of thermal decomposition of epoxy resins
containing flame retardant components, Polym. Degrad. Stab. 91 (2006)
1747-1754.

C.J. Hawker, J.M.J. Frechet, Preparation of polymers with controlled molecular
architecture - a new convergent approach to dendritic macromolecules, J. Am.
Chem. Soc. 112 (1990) 7638-7647.

Q. Cao, P.S. Liu, Hyperbranched polyurethane as novel solid-solid phase change
material for thermal energy storage, Eur. Polym. J. 42 (2006) 2931-2939.

A. Asif, W.F. Shi, Synthesis and properties of UV curable waterborne hyperbranched
aliphatic polyester, Eur. Polym. J. 39 (2003) 933-938.

B.I. Voit, A. Lederer, Hyperbranched and highly branched polymer architectures-
synthetic strategies and major characterization aspects, Chem. Rev. 109 (2009)
5924-5973.

C.R. Yates, W. Hayes, Synthesis and applications of hyperbranched polymers, Eur.
Polym. J. 40 (2004) 1257-1281.

F. Marsico, A. Turshatov, R. Pekoz, Y. Avlasevich, M. Wagner, K. Weber,

D. Donadio, K. Landfester, S. Baluschev, F.R. Wurm, Hyperbranched unsaturated
polyphosphates as a protective matrix for long-term photon upconversion in air, J.
Am. Chem. Soc. 136 (2014) 11057-11064.

J.C. Markwart, A. Battig, T. Kuckhoff, B. Schartel, F.R. Wurm, First phosphorus AB,
monomer for flame retardant hyperbranched polyphosphoesters: AB, vs. A, + Bg,
Polym. Chem. 10 (2019) 5920-5930, https://doi.org/10.1039/c9py01156k.

K. Téuber, F. Marsico, F.R. Wurm, B. Schartel, Hyperbranched poly(phosphoester)s
as flame retardants for technical and high performance polymers, Polym. Chem.-Uk
5 (2014) 7042-7053.

A. Battig, J.C. Markwart, F.R. Wurm, B. Schartel, Matrix matters: hyperbranched

b)

THR/MJ m?

11

100

a
o

Fig. 11. (a) Heat release rate (HRR) versus time of EP and EP-FRs; (b) Total heat release (THR) versus time of EP and EP-FRs; (c) Petrella-plot of EP and EP-FRs; (d)
Residue photographs (10 cm x 10 cm aluminum tray base) of EP and EP-FRs after cone calorimeter measurements.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

European Polymer Journal 122 (2020) 109390

—— DGEBA-DMC]|
+ BDP

+ mPE

+ mPE-S

+ mPE-S-ox
—— + hbPPE

T g T T T 2 1
180 240 300 360
Time/s

e

EP/mPE-S-ox EP/hbPPE

— ‘e

PE-S

flame retardants in aliphatic and aromatic resins, Polym. Degrad. Stab. 170 (2019),
https://doi.org/10.1016/j.polymdegradstab.2019.108986.

A. Battig, J. Markwart, F.R. Wurm, B. Schartel, Hyperbranched phosphorus flame
retardants: multifunctional additives for epoxy resins, Polym. Chem.-Uk 10 (2019)
4346-4358.

J.C. Markwart, A. Battig, L. Zimmermann, M. Wagner, J. Fischer, B. Schartel,

F.R. Wurm, Systematically controlled decomposition mechanism in phosphorus
flame retardants by precise molecular architecture: P-O vs P-N, ACS Appl. Polym.
Mater. 1 (2019) 1118-1128.

B.A. Howell, Y.G. Daniel, The impact of sulfur oxidation level on flame retardancy,
J. Fire Sci. 36 (2018) 518-534.

S.V. Levchik, E.D. Weil, Overview of recent developments in the flame retardancy of
polycarbonates, Polym. Int. 54 (2005) 981-998.

J. Green, Mechanisms for flame retardancy and smoke suppression -a review, J. Fire
Sci. 14 (1996) 426-442.

W. Pawelec, A. Holappa, T. Tirri, M. Aubert, H. Hoppe, R. Pfaendner, C.E. Wilen,
Disulfides - effective radical generators for flame retardancy of polypropylene,
Polym. Degrad. Stab. 110 (2014) 447-456.

J. Wagner, P. Deglmann, S. Fuchs, M. Ciesielski, C.A. Fleckenstein, M. Doring, A
flame retardant synergism of organic disulfides and phosphorous compounds,
Polym. Degrad. Stab. 129 (2016) 63-76.

U. Braun, U. Knoll, B. Schartel, T. Hoffmann, D. Pospiech, J. Artner, M. Ciesielski,
M. Déring, R. Perez-Gratero, J.K.W. Sandler, V. Altstadt, Novel phosphorus-con-
taining poly(ether sulfone)s and their blends with an epoxy resin: thermal decom-
position and fire retardancy, Macromol. Chem. Phys. 207 (2006) 1501-1514.

C.L. Rasmussen, P. Glarborg, P. Marshall, Mechanisms of radical removal by SO2, P
Combust. Inst. 31 (2007) 339-347.

M.R. Zachariah, O.I. Smith, Experimental and numerical-studies of sulfur chemistry
in H2-02-So2 flames, Combust. Flame 69 (1987) 125-139.

R.M. Perez, J.K.W. Sandler, V. Altstddt, T. Hoffmann, D. Pospiech, M. Ciesielski,
M. Déring, U. Braun, A.I. Balabanovich, B. Schartel, Novel phosphorus-modified
polysulfone as a combined flame retardant and toughness modifier for epoxy resins,
Polymer 48 (2007) 778-790.

M. Lewin, Flame retarding of polymers with sulfamates. 1. Sulfation of cotton and
wool, J. Fire Sci. 15 (1997) 263-276.

M. Lewin, J. Brozek, M.M. Martens, The system polyamide/sulfamate/dipentaery-
thritol: flame retardancy and chemical reactions, Polym. Adv. Technol. 13 (2002)
1091-1102.

M. Lewin, J. Zhang, E. Pearce, J. Gilman, Flammability of polyamide 6 using the
sulfamate system and organo-layered silicatet, Polym. Adv. Technol. 18 (2007)
737-745.

J.Y. He, G. Cai, C.A. Wilkie, The effects of several sulfonates on thermal and fire
retardant properties of poly(methyl methacrylate) and polystyrene, Polym. Adv.



A. Battig, et al.

[27]

[28]
[29]
[30]

[31]

[32]
[33]
[34]
[35]
[36]

[37]

Technol. 25 (2014) 160-167.

W. Zhao, B. Li, M.J. Xu, L.L. Zhang, F.M. Liu, L.M. Guan, Synthesis of a novel flame
retardant containing phosphorus and sulfur and its application in polycarbonate,
Polym. Eng. Sci. 52 (2012) 2327-2335.

Y.H. Chen, H.Q. Peng, J.H. Li, Z.X. Xia, H. Tan, A novel flame retardant containing
phosphorus, nitrogen, and sulfur, J. Therm. Anal. Calorim. 115 (2014) 1639-1649.
B. Schartel, T.R. Hull, Development of fire-retarded materials - interpretation of
cone calorimeter data, Fire Mater. 31 (2007) 327-354.

B. Schartel, M. Bartholmai, U. Knoll, Some comments on the main fire retardancy
mechanisms in polymer nanocomposites, Polym. Adv. Technol. 17 (2006) 772-777.
M.S.F. Lie Ken Jie, O. Bakare, 1H- and 13C-NMR studies on sulfinyl and sulfonyl
derivatives of positional isomers of methyl thialaurate, Chem. Phys. Lipids, 61
(1992) pp. 139-147.

G. Socrates, Infrared and Raman characteristic group frequencies: tables and charts,
John Wiley & Sons, 2004.

G. Camino, L. Costa, Performance and mechanisms of fire retardants in polymers - a
review, Polym. Degrad. Stab. 20 (1988) 271-294.

M. Hesse, H. Meier, B. Zeeh, Spektroskopische Methoden in der organischen
Chemie, Georg Thieme Verlag, 2005.

P.J. Linstrom, Mallard, W.G., NIST Standard Reference Database Number 69, in,
2018.

J.P. Machon, A. Nicco, Thermal decomposition reactions of oligomeric thioethers of
polythioethene and polythiotrimethylene, Eur. Polym. J. 7 (1971) 1693-2000.

F. Vogtle, L. Rossa, Pyrolysis of sulfones as a synthetic method, Angew. Chem.-Int.

12

[38]
[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

European Polymer Journal 122 (2020) 109390

Ed. English 18 (1979) 515-529.

E. Wellisch, E. Gipstein, O.J. Sweeting, Thermal decomposition of polysulfones, J.
Appl. Polym. Sci. 8 (1964) 1623-1631.

E. Wellisch, O.J. Sweeting, E. Gipstein, Thermal decomposition of sulfinic acids, J.
Org. Chem. 27 (1962) 1810-2000.

M. Ciesielski, B. Burk, C. Heinzmann, M. Déring, Fire-retardant high-performance
epoxy-based materials, in: D.-Y. Wang (Ed.), Novel Fire Retardant Polymers and
Composite Materials, Woodhead Publishing, 2017, pp. 3-51.

J.M.G. Cowie, V. Arrighi, Polymers: chemistry and physics of modern materials,
CRC Press, 2007.

J. Eichhorn, Synergism of free radical initiators with self-extinguishing additives in
vinyl aromatic polymers, J. Appl. Polym. Sci. 8 (1964) 2497-2524.

B. Schartel, B. Perret, B. Dittrich, M. Ciesielski, J. Krdmer, P. Miiller, V. Altstadt,
L. Zang, M. Doring, Flame retardancy of polymers: the role of specific reactions in
the condensed phase, Macromol. Mater. Eng. 301 (2016) 9-35.

A. Ballistreri, G. Montaudo, E. Scamporrino, C. Puglisi, D. Vitalini, S. Cucinella,
Intumescent flame retardants for polymers. 4. The polycarbonate aromatic sulfo-
nates system, J. Polym. Sci. Pol. Chem. 26 (1988) 2113-2127.

A. Nodera, T. Kanai, Thermal decomposition behavior and flame retardancy of
polycarbonate containing organic metal salts: effect of salt composition, J. Appl.
Polym. Sci. 94 (2004) 2131-2139.

R. Petrella, The assessment of full-scale fire hazards from cone calorimeter data, J.
Fire Sci. 12 (1994) 14-43.



“Sulfur’s Role in the Flame Retardancy of Thio-Ether—linked Hyperbranched

Alexander Battig,>* Jens C. Markwart,”* Frederik R. Wurm,*® and Bernhard Schartel*?

@ Bundesanstalt fir Materialforschung und -priifung (BAM), Unter den Eichen 87, 12205 Berlin,

Germany.

®Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany.
¢Graduate School Materials Science in Mainz, Staudinger Weg 9, 55128 Mainz, Germany.
*these authors contributed equally

Poly(phosphoesters) in Epoxy Resins”

* corresponding authors:

Bernhard Schartel, Bundesanstalt fiir Materialforschung und -priifung (BAM), Unter den Eichen 87,
12205 Berlin, Germany. bernhard.schartel@bam.de;
Frederik R. Wurm, Max-Planck-Institut fir Polymerforschung, Ackermannweg 10, 55128 Mainz,

Supplemental Information

Germany. wurm@mpip-mainz.mpg.de

Pyrolysis—Gas Chromatography/ Mass Spectrometry

70

CcO
N,
120.0k 28
100.0k —
80.0k —
8 i
g
B 60.0k
g o,
40.0k — 32
20.0k 5
, 15 64
0.0 +—— -t
10 20 30 40 50 60
Mass / miz

100

Sulfur dioxide
MASS SPECTRUM

80

60

Rel. Intensity

40

204

00 |

10

T T T +
20 30 40 50
miz

NIST Chemistry WebBook (https: #webbaok nist govichemistry)

T
60

70

Figure S1. Mass spectrum of mPE-S-ox at 1.92 min, and a comparative spectrum of sulfur dioxide from the NIST

database.?

S1



8.0k —

6.0k —

Abundance
e
(=]
=
1 L

2.0k
0.0 4l Tl s |I - .'.'“, THN
10 20 30 40 50 60 70
Mass / m/z
Ethanethiol
MASS SPECTRUM
100
80
Zz 604
&
2 404
20
0.0 ey I=|||| . ||||II |“' 1
10 20 30 40 50 60 70
miz

NIST Chemistry WebBook (https:/fwebbook.nist.gov/ichemistry)

Figure S2. Mass spectrum of mPE-S at 2.26 min, and a comparative spectrum of ethanethiol from the NIST
database.!



800k —
700k —
600k —
500k —

400k —

Abundance

300k —
200k —
100k —

0 4

0 10

8.0k —

@

o

=
1

b

(=)

=
|

Abundance

n

=]

=
|

20 30 40 50
Mass / m/z

60

70

80

90

0.0 +—

Q 10

14.0k
12.0k
10.0k

8.0k

Abundance

6.0k
4.0k -

2.0k

0.0 +

100

20 30 40 50

Mass / miz

20 40

Mass / m/z

1,5-Hexadiene

60

60

MASS SPECTRUM

70

80

80

'\""luwl""\

90

804

60

Rel. Intensity

40

204

0.0 }

0.0 15 30 45

miz

NIST Chemistry WebBook (hitps:/fwebbook nist govichemistry)

20

Figure S3. Mass spectra of mPE, mPE-S, and hbPPE at 2.63 min, and a comparative spectrum of 1,5-hexadiene
from the NIST database.!

S3



25.0k —

20.0k —
8 15.0k
c
o
< ]
c
2 10.0k
Z10.0k
5.0k
0.0 +
0 20 40 60 80 100
Mass / m/z
1-Hexene
MASS SPECTRUM
100
80|
z 604
P w0l
20
0.0
0.0 20 40 60 80 100
miz

NIST Chemistry WebBook (https:/fwebbook.nist.gov/chemistry)

Figure S4. Mass spectrum of mPE-S-ox at 2.64 min, and a comparative spectrum of 1-hexene from the NIST
database.!

18.0k
16.0k —
14.0k
12.0k
S 10.0k
B
S 8.0k -
g i
6.0k
4.0k -
2.0k —
0.0
0 10 20 30 40 50 60 70 80 90 100
Mass / m/z
Diethyl sulfide
MASS SPECTRUM
100
80
& 804
E
g
20
00 — |‘ I| H.\ \‘! I I i
00 20 40 60 80 100

miz
NIST Chemistry WebBook (https:#webbook.nist.gov/chemistry)

Figure S5. Mass spectrum of mPE-S at 3.38 min, and a comparative spectrum of diethyl sulfide from the NIST
database.!



160.0k —
140.0k
120.0k
© ]
2 100.0k
o
g |
5 80.0k
g 4
60.0k —
40.0k 4
20.0k —
0.0 +
0 10 20 30 40 50 60 70 80 90 100
Mass / m/z
5-Hexen-1-ol
MASS SPECTRUM
100
80
z 60
2
3 al
20
00 l L
0.0 20 40 80 80 100

mfz

NIST Chemistry WebBook (https /webbook nist govichemistry)

Figure S6. Mass spectrum of mPE at 6.63 min, and a comparative spectrum of 5-hexene-1-ol from the NIST

database.!
8.0k
6.0k
8 ]
@
T 4.0k
=]
o
( 4
2.0k
0.0 +——r
4] 20 40 60 80 100 120
Mass / miz
1-Hexanal
MASS SPECTRUM
100
80 <
Z 604
£ 40
20
0.0 et T
0.0 20 40 B0 80 100 120

miz

NIST Chemistry WebBook (https /webbook nist govichemistry)

Figure S7. Mass spectrum of mPE-S-ox at 6.68 min, and a comparative spectrum of 1-hexanol from the NIST
database.!



10.0k

8.0k —
8 6.0k
2
©
b=} B
[ =
3
2 4.0k
2.0k —
0.0 itk S
20 30 40 50 60 70 80 90 100 110 120
Mass / m/z
Tetrahydroluran‘ Z-Dmnyl-
MASS SPECTRUM
100
80
%‘ 60
]
& a0
204
0.0 L 11 P J_IJ i :
20 40 60 80 100 120
miz
NIST Chemistry (https: nist y)

Figure S8. Mass spectrum of mPE-S-ox at 7.75 min, and a comparative spectrum of 2-propyl tetrahydrofuran
from the NIST database.!

S6



0 10 20 30 40 50 60 70 80 90 100 110 120
Mass / m/z

Abundance

0.0 "”I"'I'I”'I"'

0 10 20 30 40 50 60 70 80 90 100 110 120
Mass / m/z
2H-Thiopyran, tetrahydro-2-methyl-
MASS SPECTRUM

100

80+

60~

40

204 ‘

0.0 L III"‘ |I|I‘ L I il
80

0.0 120

Rel. Intensity

40
miz
NIST Chemistry (htips. nist. istry)

Figure S9. Mass spectra of mPE-S and hbPPE at 7.79 min, and a comparative spectrum of tetrahydro-2-methyl
2H-thiopyran from the NIST database.!

S7



80k
70k
60k —
8 50k
<
< 40k _,

o
< 30k

10k —

20 30 40 50 60 70 80 90 100 110 120
Mass / m/z
8.0k —

6.0k —

Abundance
.
f=]
=
]

2.0k

0.0 ~frrr ettt Wb e
20 30 40 50 60 70 80 90 100 110 120

Mass / miz
20.0k —
15.0k —
@
6]
c 4
©
g
= 10.0k
o
< J
5.0k
0.0 4
20 30 40 50 60 70 80 90 100 110 120
Mass / miz
Thiophene, 2-ethyltetrahydro-
MASS SPECTRUM
100
804
Z 60~
a0l
20
0.04 Ly N .
20 40 80 80 100 120

miz
NIST Chemistry WebBook (https:/fwebbook.nist.gov/chemistry)

Figure S10. Mass spectra of mPE-S, mPE-S-ox, and hbPPE at 8.21 min, and a comparative spectrum of 2-
ethyltetrahydro thiophene from the NIST database.?



60k —
50k —
“é40k—
o ]
b=
S 30k —
o
=) ]
20k —
10k —
0 —
0 20 40 60 80 100 120 140 160
Mass / m/iz
20.0k o
15.0k —
L]
o]
< ]
©
B
= 10.0k -
o
{ <
5.0k —
0.0 — L e e e e R
0 20 40 60 80 100 120 140 160
Mass / m/z
Thiepane
MASS SPECTRUM
100
80
Z 604
2
2 a0
20
0.04
0.0 40 80 120 160

miz
NIST Chemistry WebBook (https:/fwebbook.nist.gov/chemistry)

Figure S11. Mass spectrum of mPE-S and hbPPE at 9.29 min, and a comparative spectrum of thiopane from the

NIST database.!

S9



Thermogravimetric Analysis

Table S1. Results from thermogravimetric analysis (TGA) of EP and EP-FRs.

Ts% T1 MLy Tmax MLmax T2 ML, | Residue (700 °C)  Residue (calc)

/°C /°C / wt.-% /°C / wt.-% /°C / wt.-% / wt.-% / wt.-%
EP 33811 - -1 3721  62.0#0.8 | 42435 33.2:03 45%0.1 -
EP/BDP 304 #1 - -1 35741 746402 | 423+1 16.1%0.3 8.210.1 4.2
EP/mPE 23141 | 23321 89#0.1 | 3371 77.8%0.1 | 4221  7.4%02 5.110.6 43
EP/mPE-S 286+1 | 29441  9.8+0.2 | 358+1 73.0#0.1 | 4341  8.8#0.1 6.3 0.2 4.7
EP/mPE-S-ox  289#2 | 286+1 10.2#0.2 | 356+0 73.1203 | 4300  9.6:06 6.340.1 5.3
EP/hbPPE 289 +1 - -1 35141 54.6+0.1 | 4246 23.20.7 7.7 £0.1 5.2

Onset temperature (Ts%); decomposition temperature of step prior to Tmax (T1); mass loss of decomposition step
at T1 (ML1); temperature at maximum mass loss rate (Tmax); mass loss of Tmax (MLmax), decomposition
temperature of step after Tmax (72); mass loss of T2 (MLa).

Pyrolysis Combustion Flow Calorimetry

Table S2. Results from PCFC measurements

HRC PHRR THE Residue ho

/lgtkK? /Wgt /klg? / wt.-% /klgt

EP 434 +7 429 +4 32.00.3 2.0+0.1 32.7 +0.3
EP/BDP 413 +1 381 +3 30.1+0.4 6.2 +0.1 32.1+0.4
EP/mPE 431 49 389 +6 32.7£0.3 2.5+0.5 33.5+0.1
EP/mPE-S 396 +13 353 +4 30.4 +0.1 4.9 +0.6 31.9+0.3
EP/mPE-S-ox 349 +7 340 +7 30.0£0.2 4.9 10.1 31.5+0.2
EP/hbPPE 447 +1 439 15 30.5 +0.3 5.7 +0.1 32.4+0.4

Heat release capacity (HRC); Peak of heat release rate (PHRR); Total heat evolved (THE); heat of complete

combustion (h°).

References

1.

Linstrom, P. J., Mallard, W.G., NIST Standard Reference Database Number 69. 2018.

S10



5.7. First phosphorus AB. monomer for flame-retardant hyperbranched

polyphosphoesters: AB> vs. A> + B3

Jens C. Markwart, Alexander Battig, Thomas Kuckhoff, Bernhard Schartel, Frederik R.
Wurm, RSC Polym. Chem. 2019, 10, 5920-5930. - Published by The Royal Society of

Chemistry

DOI link: https://www.doi.org/10.1039/c9pyo1156k

This article was accepted and published.

Author contribution:

e Aided in conceptualizing the frame of the work
e Chose the polymer materials, approach, loading, sample preparation and testing
e Pyrolytic investigations of the flame retardants (FRs)

o Thermogravimetric analysis

o Evolved gas and condensed phase FTIR

o Pyrolysis gas chromatography / mass spectrometry

o Pyrolysis combustion flow calorimeter
e Material and fire testing of FR-containing epoxy resins

o Differential scanning calorimeter

o Cone calorimeter, LOI and UL-94

o Residue photography
e Collection, analysis, and interpretation of the data.
e Provided figures throughout the article, including decomposition mechanism
e Authored the results and discussion chapter with respect to flame-retardancy
e Scientific discussion, conclusions, maintained communication of all authors

e Proofread and spell-checked all versions of the article

213



Abstract

Branched polymers are an important class of polymers with a high number of terminal
groups, lower viscosity compared to their linear analogs and higher miscibility, which makes
them especially interesting for flame retardant applications, where the flame retardants (FR)
are blended with another polymer matrix. Hyperbranched polyphosphoesters (hbPPEs) are
gaining more and more interest in the field of flame retardancy, as low molar mass FRs often
have the disadvantage of blooming out or leaching, which is not desired in consumer products.
Here, we present the first phosphorus-based AB. monomer for the synthesis of hbPPEs and
assess its flame-retardant performance in an epoxy resin compared to a hbPPE synthesized by
an A.+B; approach. The hbPPE synthesized from an AB. monomer exhibited a slightly higher
performance compared to a similar hbPPE, which was prepared by A.+B; polyaddition,

probably due to its higher phosphorus content.
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Introduction

Hyperbranched (hb) polymers, with their high number of term-
inal groups, lower viscosity, and higher matrix miscibility com-
pared to their linear analogs, are especially interesting as
flame-retardant additives, as effective blending with a polymer
matrix is essential.'®> Moreover, flame retardants (FRs) with
complex architectures have a decreased impact on the material
properties of polymers.*”

The synthesis of such dendritic polymers can be achieved
by multi-step dendrimer syntheses, which are time-consum-
ing, often need several purification steps and therefore unat-
tractive for large scale, flame-retardant applications.™® In con-
trast, 1b polymers are readily available by one polymerization
step, e.g. by polycondensation of commercially available A, + B3
monomer mixtures. 4b polymers do not exhibit an architecture
as perfect as dendrimers, because the polymers are statistically
branched with structural and molar mass dispersities. Despite

“Physical Chemistry of Polymers, Max Planck Institute for Polymer Research,
Ackermannweg 10, 55128 Mainz, Germany. E-mail: wurm@mpip-mainz.mpg.de
bGraduate School Materials Science in Mainz, Staudinger Weg 9, 55128 Mainz,
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‘Bundesanstalt fiir Materialforschung und -priifung (BAM), Unter den Eichen 87,
12205 Berlin, Germany

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
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5920 | Polym. Chem., 2019, 10, 5920-5930

synthesis of hbPPEs and assess its flame-retardant performance in an epoxy resin compared to a hbPPE
synthesized by an A, + Bz approach. The hbPPE synthesized from an AB, monomer exhibited a slightly
higher performance compared to a similar hbPPE, which was prepared by A, + B3z polyaddition, probably
due to its higher phosphorus content.

these architectural differences, #b polymers still retain many
of the particular properties of dendrimers.'??

Here, we present, to the best of our knowledge, the first
phosphorus-based AB, monomer for the synthesis of 1b poly-
phosphoesters (hbPPEs), which are promising candidates as
halogen-free flame-retardant additives.

To date, hbPPEs were synthesized by A, + B; approaches or
by using AB* inimers, for which representative examples are
given in Scheme 1. Penczek et al. prepared a family of oligo-
mers with acidic end groups by an A, + B; approach by
addition of H;PO, to a bisphenol A based epoxy resins.’
Liu et al. described a water-soluble AZbPPE through a self-
condensing ring-opening polymerization of an AB* inimer
(2-(2-hydroxyethoxy)ethoxy-2-oxo-1,3,2-dioxaphospholane).'® More
recently, we used radical polyaddition of phosphorus-based
B;-monomers with dithiols to prepare ZbPPEs, polyphosphor-
amidates, and -amides to elucidate their decomposition mecha-
nism as flame-retardant additives in epoxy resins."!

Previous studies used 2bPPEs due to their biocompatibility
and biodegradability for mostly biomedical'>'® or optical
applications." With the ban of some halogenated FRs, phos-
phorus-based derivatives as effective alternatives are in
growing demand in recent years.">"'® Moreover, polymeric FRs
are interesting as they exhibit less blooming out or leaching
compared to low molar mass FRs, which is not desired in con-
sumer products.'® In addition, the thermal stability of low
molar mass FRs is usually lower, thus limiting their process-
ability. In comparison, oligomeric or polymeric FRs exhibit

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Examples of hbPPEs in literature: (a) hbPPEs via inimer approach by Yan et al.*° (b) A, + Bs approach by Penczek et al.® (c) this work: AB,

monomer and (d) the comparison A, + Bz approach by Battig et al.'*

increased thermal stability and therefore higher effectiveness,
which interaction during
decomposition, yielding higher char yields and better overall
flame retardancy.'***' Furthermore, FRs with different
architectures have been investigated, stressing the impact of

leads to improved chemical

complex chemical structure on the mechanical properties and
glass-transition temperature (Ty) of the polymer matrix.

With the first example of an AB,-type phosphate monomer
for radical polycondensation, we present a straightforward
approach to 7bPPEs and thus avoid the chance of cross-linking
during the synthesis. In addition, the versatile monomer

This journal is © The Royal Society of Chemistry 2019

design, which was exemplarily used for 1, allows further
tuning of the P-content or the hydrophilicity, i.e. matrix com-
patibility, by variation of the alkyl-spacers, which makes the
herein presented approach also applicable for other polymer
matrices.

Results and discussion

For the synthesis of hyperbranched (hb) polymers, two
common approaches exist: The AB, and A, + B,, approach.?? In

Polym. Chem., 2019, 10, 5920-5930 | 5921
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the AB, approach, first envisioned by Flory in 1952, only a
single monomer with an AB,, (n > 2) structure is used.”> When
A and B groups react selectively with each other, a statistically
branched polymer without cross-linking is generated.**

In the A, + B,, approach, two monomers are used for
polymerization (A, and B,, (1, m > 2)), with the most common
method being the A, + B; approach, as several monomers are
commercialized. However, to obtain soluble polymers, the
polymerization needs to be terminated before the gel point,
which requires adjustment of the reaction conditions, or
adjustment of the monomer feed-ratio, etc. for each monomer
set.24726

For the synthesis of a b polyphosphoester (hbPPE) via the
AB,, approach, an AB, phosphoester with two different reactive
groups (A and B) was prepared: di(hex-5-en-1-yl)(4-mercaptobu-
tyl)phosphate (1) was synthesized in a four step reaction,
starting from POCl; and 4-bromobutan-1-ol (Scheme 2).
4-Bromobutan-1-ol was obtained from refluxing THF with HBr
for several hours, followed by neutralizing with NaHCO; and
extraction with DCM, according to a literature protocol.”” An
excess POCI; was reacted with 4-bromobutan-1-ol. Removing
the excessive amount of POCl; gives compound 1la. 1a was
used in the next step without further purification and treated
with 5-hexen-1-ol to give compound 1b. The electrophilic alkyl
bromide in 1b renders it a versatile precursor for various modi-
fications like the introduction of other functional groups or as
a monomer for ADMET itself. 1b was mixed with potassium
thioacetate and stirred overnight to obtain compound I1c,
which was purified by solvent extraction. The final AB,-
monomer 1 for radical polyaddition was obtained after treating
1c with hydrazine, which cleaved the thioacetate group and
released the free thiol. Monomer 1 is a liquid at room tempera-
ture and has a phosphorus content of 8.84 wt%. It is soluble
in most organic solvents (e.g. toluene, tetrahydrofuran, ethyl
acetate, acetone, dichloromethane and chloroform), but in-
soluble in water. It is important to mention that the butyl

5922 | Polym. Chem., 2019, 10, 5920-5930

spacer between thiol and phosphorus is essential for the
monomer stability: a similar monomer structure with an ethyl
spacer was recently used to prepare linear PPEs with pendant
2-acetylthioethyl side chains.?® In this case, the pendant group
acted as a protective group for the P-OH group after treatment
with hydrazine, followed by a 3-exo-tet mechanism to release
the P-OH group after cleavage of the phosphoester.

"H NMR spectroscopy (Fig. 1a) of 1 revealed two distinct
resonances at 2.60 ppm (methylene group next to the thiol)
and 1.36 ppm (SH). The olefinic signals were detected as
multiplets in the region of 5.80 ppm and 5.00 ppm. The
methylene group next to the double bond was found at
2.09 ppm and the methylene group next to the P-O group
had a resonance at 4.05 ppm. The remaining signals of the
methylene units were detected between 1.81 ppm and
1.45 ppm. The *'P NMR spectrum shows a single signal at
—0.68 ppm (Fig. 1c).

Compound 1 was used as AB, monomer for the radical
thiol-ene polyaddition to produce 4b poly-1 (Scheme 3). The
statistically branched polymer with dendritic (D), linear (L),
and terminal (T) units (¢f Scheme 3) was obtained as a viscous
oil with a T, of ca. —88 °C (Fig. 1i). The '"H NMR pattern of
poly-1 was very similar to that of 1 (Fig. 1b); however, with
increasing degree of polymerization, the olefinic resonances,
the methylene group next to the S-H group and the S-H signal
decreased. Due to signal overlap, calculation of a degree of
branching was not possible. The polymerization was followed
by GPC and NMR by taking samples throughout the reaction
and calculating the ratio between the methylene groups next
to the P-O (fgger) and the double bond (pouble-bond)
Npouble-bond/MEster (Marked blue in Fig. 1f). During polymeriz-
ation, a new resonance appeared at 2.54 ppm representing the
methylene groups next to the thioethers. Polymerization was
conducted at different temperatures (50 °C, 70 °C, and 90 °C)
with 0.03 eq. AIBN and additionally with different amounts of
AIBN (0.03 eq., 0.06 eq. and 0.09 eq.) at 70 °C (e.g. Fig. 1h).

This journal is © The Royal Society of Chemistry 2019
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Scheme 3 Hyperbranching polymerization of monomer 1 to poly-1 by
radical thiol-ene polyaddition.

From the NMR data, only very slow reaction kinetics were
detected at 50 °C, while at elevated temperatures (70 °C), no
further reaction was observed after 7 h (Fig. 1g). With increas-
ing initiator concentration, a slight increase in molar mass
was observed (Fig. 1e). The *'P NMR resonance of poly-1

This journal is © The Royal Society of Chemistry 2019

remained relatively unchanged compared to the monomer
with a single signal at —0.70 ppm (Fig. 1d). As the degree of
polymerization increased, npouple-bond/MEster PECAMe smaller.

For the flame retardancy investigations, the resulting
polymer had an M,, of 5500 ¢ mol™" with an M,/M, of 2.39
(GPC in DMF). Poly-1 was used as an additive flame retardant
(FR) in epoxy resins, and the FR properties were compared to a
similar hbPPE prepared by the A, + B; approach (poly-2,
Scheme 1), M,, of 11300 g mol " with an M,,/M, of 3.29 (GPC
in THF),"" and a commercial phosphate-based FR, namely
bisphenol A bis(diphenyl phosphate) (BDP), which was already
used in epoxy resins like DGEBA/DMC.'>?° The ratio
Npouble-bond/MEster; an indication of the amount of terminal
double bonds, was identical for poly-1 and poly-2 (0.39).
Looking at the phosphorus content, poly-1 exhibits the same
amount of P when compared to the monomer. In contrast, for
poly-2 the P content varied, depending on the monomer ratio
and workup procedure. The theoretical phosphorus content
deviated from the measured phosphorus content after precipi-
tation. The theoretical phosphorus content of poly-2 is
5.1 wt%, the measured phosphorus content by elemental ana-
lysis is 7.7 wt%.
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Fig. 2 Mass loss (bottom) and mass loss rate (top) over T of poly-1,
poly-2, bisphenol A bis(diphenyl phosphate) and neat epoxy resin from
TGA measurements (10 K min™%; N,).

Pyrolysis: thermal decomposition of FRs via TGA

The pyrolytic decomposition of the FRs was investigated using
thermogravimetric analysis (TGA) (Fig. 2). During burning, the
thermal decomposition of the material feeds volatile fuel into
the flame zone, where exothermal combustion reactions, ie.
oxidation, occur. However, at the solid/gas interface, the reac-
tions in the anaerobic pyrolysis zone determine the fire behav-
ior. This model is accurate for polymeric materials in develop-
ing fires, which are simulated in the cone calorimeter, but also
reaction-to-small-flame tests such as UL94 and LOI. Therefore,
investigations into the pyrolytic reactions of FRs and FR-con-
taining polymers via TGA in nitrogen atmosphere are an
important analytical tool to understand the chemical mecha-
nisms underlying the FR’s modes of action.>

The mass loss curve of poly-2 exhibited a main single
decomposition step at 274 °C with a gradual decomposition
thereafter (Fig. 2). Poly-1 exhibited an additional decompo-
sition step at ca. 226 °C, followed by the second decomposition
step at the same temperature as poly-2. The additional
decomposition step might be rationalized with the cleavage of
the terminal alkyl-SH group, similar to the mechanism
described previously by Markwart et al.,>® which was con-
firmed by the presence of tetrahydrothiophene (from pyrolysis-
(Py)-GC/MS measurements at 250 °C (Fig. S6 and S8t) and
TGA-FTIR measurements (Fig. S161)). The amount of residue
at 700 °C was very similar for both polymers (poly-1: 9.7 wt%,
poly-2: 9.3 wt%).

Pyrolysis: evolved gas analysis of FRs via TG-FTIR

Evolved gas analysis during pyrolysis of poly-1 was performed
via Py-GC/MS and TG-FTIR measurements. The analysis of
epoxy resin (EP) and poly-2 has been previously described in
detail and will therefore not be discussed herein.'"*" For poly-
1, two single-shot Py-GC/MS measurements at varied pyrolysis
temperatures (250 °C and 500 °C) were conducted to isolate
the decomposition products in the first decomposition step.
The gas chromatogram at 250 °C (Fig. S6t) displays a single
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large signal at 5.62 min retention time, while at 500 °C
(Fig. S7t), additional signals between 2.60-3.56 min were
detected, as well as minor signals >5.62 min. The mass spec-
trum at 5.62 min was identified as tetrahydro thiophene
(Fig. S8 and S97%), thus confirming the cleavage of alkyl-SH
groups of poly-1 during the first decomposition step seen in
TGA. The signals between 2.60-3.56 min corresponded to 1,5-
hexadiene (Fig. S10 and S111) and its thermal rearrangement
products. The rearrangement is proven by the presence of
cyclohexane (Fig. S12 and S137) at 3.56 min, a product of cycli-
zation of 1,5-hexadiene. At 6.57 min, the signal was identified
as 5-hexen-1-ol (Fig. S14 and S15%) resulting from hydrolysis of
the phosphate-moiety.

Pyrolysis: EP-FR preparation and material properties

The FR-performances of BDP, poly-1, and poly-2 were studied
in an epoxy resin (EP) based on bisphenol A diglycidylether
(DGEBA) and 2,2'-dimethyl-4,4"-methylene-bis-(cyclohexylamine)
(DMC). All epoxy plates were prepared in the following manner:
DGEBA was mixed with the respective FR (loading: 10 wt%)
until homogenous. Then, DMC was added, and the mixture was
poured into appropriately sized aluminum molds, followed by
curing for 30 min at 90 °C, 30 min at 120 °C, and 1 h at 150 °C.
Additive FRs can act as plasticizers in epoxy resins, thus redu-
cing the glass transition temperature (7g) of the resulting com-
posite. Differential scanning calorimetry (DSC) measurements
revealed that the flame retardant containing epoxy resins
(EP-FRs) lowered T, by an average of 24 °C: Poly-1 had the
strongest impact on the T, of EP, lowering it by about 30 °C to
124 °C (T, gp = 155 °C), while poly-2 and BDP had a similar
impact on the Ty of EP (T, gp-poly2 = 132 °C; T, gp-sop = 133 °C).
The impact of FRs on the T, of EP is presented in Fig. S20,T and
the change of Ty, relative to EP is noted.

Pyrolysis: thermal decomposition and evolved gas analysis of
EP-FRs via TGA and TG-FTIR

The decomposition behavior of EP-FRs was investigated by
analyzing the mass loss and evolved gas during pyrolytic
decomposition via TGA coupled with FTIR (Table S27). A sig-
nificant change in decomposition behavior was observable for
all EP-FRs, as the mass loss and mass loss rate curves (Fig. 3)
and the change in residue yields at 700 °C proved. The pure
epoxy decomposed with an onset temperature (Tsq,) of 338 °C
and reached the temperature of maximum mass loss rate
(Tmax) at 372 °C. EP decomposed in a single main step with a
mass loss equal to 62 wt%. Following the main decomposition
step, a shoulder beginning at 424 °C with a mass loss of
33 wt% was observed. At 700 °C, the residue yield was 4.5 wt%.
The mass loss and evolved gas analysis of the epoxy resin
(DGEBA/DMC) has been extensively investigated; therefore, it
will not be discussed further.*>** When BDP was added to the
resin (EP-BDP), the composite decomposed similarly to the
pure EP, but Ts,, was lowered by about 33 °C, and Tp,,x Was
15 °C lower than EP. This change is attributed to a reduction
in cross-linking density of the EP-system when additives are
present.>® The plateau which started at 423 °C exhibited a

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Mass loss (bottom) and mass loss rate (top) over T of EP-FRs
from TGA measurements (10 K min™%; N,).

lower decomposition rate compared to pure EP. An increase in
mass loss at Tyhax to 75 wt% and a decrease to 16 wt% at the
shoulder was observable. An explanation for this phenomenon
is the interaction of the FR with the decomposing matrix.*®
More specifically, the phenol-derivates and cycloalkanes are
bound; these exhibit a production rate maximum in this temp-
erature range.’® As a result, the residue yield of EP-BDP
increased to 8.1 wt%, which is nearly twice that of pure EP.

All hb-FR containing EPs (EP-hb-FRs) exhibited a decompo-
sition behavior similar to EP-BDP. The Tso, of EP was lowered
by 70 °C for poly-1 and 47 °C for poly-2. Ti,,x Was also lowered
when FRs were present, on average by approx. 16 °C. The lower
Tsy, of EP-poly-1 compared to EP-poly-2 is caused by the
additional decomposition step in poly-1. All residue yields of
EP-FRs were in a similar range, and all investigated FRs
increased the residue of EP (7.9 and 7.7 wt% for poly-1 and
poly-2, respectively, and 8.1 wt% for BDP). The neat EP had a
residue yield of only 4.6 wt%. This increase in residue indi-
cates that the tested FRs interact with the decomposing
matrix. As a result, thermally stable residues are formed.

From the evolved gas analysis of EP-FRs via TG-FTIR
(Fig. S177), two distinct decomposition products were visible
for EP-poly-1 and EP-poly-2, the first appearing in the range of
about 290 °C and the second between 360-380 °C. At ca.
290 °C, the spectra of EP-poly-1 and EP-poly-2 exhibited the
evolution of 5-hexen-1-ol, a product of either hydrolysis or
transesterification. Its presence indicates that #b-FRs are active
near Tso,, forming either lower molecular phosphates (hydro-
lysis) which are active in the condensed phase, or phosphory-
lating the polymer matrix (transesterification), thus forming
char precursors. The condensed phase mode of action is
additionally proven by hot-stage FTIR (Fig. S19%). At
360-380 °C, all spectra are identical to EP, as the matrix
decomposes in this temperature range.

Pyrolysis: condensed phase analysis of EP-FRs via hot-stage FTIR

The condensed phase mode of action of poly-1 and poly-2 in
EP was proven by hot-stage FTIR measurements (Fig. S18 and
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S19%). Fig. S181 displays the unique signals of EP-poly-1 at
300 °C, namely 1146 and 1108 cm™', which are shifted to
slightly lower wavenumbers and increase in intensity at 500 °C
(Fig. S19%). These signals may correspond to y(P=O0) of
R,—(P=0)-OH resulting from the cleavage of terminal alkyl-SH
groups which occurs more readily than cleavage of terminal
hexene-moieties, as observed in Py-GC/MS (Fig. S8f) and
TG-FTIR measurements (Fig. S167) of poly-1. It is conceivable
that poly-1 is more reactive than poly-2 in terms of phosphoryl-
ation of the epoxy resin matrix, especially given the increase in
residue yields of fire testing and pyrolysis (Tables S1 and S2,T
respectively). At 600 °C, the hot-stage FTIR spectrum of EP-
poly-1 exhibits many bands that are also present in EP-poly-2
and EP-BDP, which have already been previously described as
phosphorus signals."' Moreover, additional bands at 1400,
1125, 1010, 974, and 585 cm™" are present. Many types of com-
pounds, including vinylene-moieties, cyclic aliphatic hydro-
carbons, and secondary or tertiary alcohols, present signals at
these wavenumbers. While the identification of specific com-
pounds in hot-stage FTIR is not always possible, it is certain
that the spectrum of EP-poly-1 presents clear signals that are
distinct and different from EP, thereby proving a condensed-
phase spectrum of poly-1 in EP.

Fire testing: forced flaming conditions

All EP-hb-FRs reduced the fire load (THE) of EP. Poly-1
decreased the fire load of EP by 21%, whereas poly-2 decreased
the fire load by 17% and BDP by 19%. Poly-1 reduced THE of
EP more strongly than poly-2 because it was able to retain
more fuel in the condensed phase, as evidenced by its higher
residue yield (Fig. 4d). This fuel retention may be caused by
the higher reactivity of poly-1 compared to poly-2: as poly-1
has a lower Tso, its decomposition products may interact
earlier with the decomposing matrix than poly-2, therefore
increasing char yield, i.e. fuel fixation, and thus lowering THE.
The tested FRs lowered the peak of heat release rate (PHRR) of
EP by ca. 30% for BDP and poly-1, and by 44% for poly-2. The
HRR curves (Fig. 4a) indicate that the formation of a protective
char layer on the sample surface resulted in a plateau-like
shape approx. 30 s after ignition, reducing PHRR by shielding
the underlying material from irradiation. All FRs increased
residue yields in the order EP-poly-1 > EP-poly-2 > EP-BDP. EP-
Poly-1 exhibited the highest residue amount (11.5 wt%) and
EP-BDP showed the lowest (3.1 wt%). The residues after fire
testing (Fig. 4d) help visualize the differences in fire perform-
ance of poly-1 and poly-2 in EP: The residue of EP-poly-2 was
more voluminous than that of EP-poly-1, pointing to higher
gas emission, similar to intumescent FR systems. This large
char volume was effective in shielding some of the underlying
material, acting as a protective layer and thereby reducing
PHRR of EP.>” However, EP-poly-1 exhibited a lower THE and
higher residue yield than EP-poly-2, because the thermal pro-
perties of its char were greater. As a result, poly-1 was better
able to bind fuel in the condensed phase in the form of char,
which increased residue yields and thus reduced the fire
load, i.e. THE. Although EHC of both materials were nearly
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(c) Petrella plot of the different epoxy resins with all FRs having a positive effect (lowering THE and PHRR/ty). (d) Char residues of EP-poly-1 and
EP-poly-2 after cone calorimeter test. Residue of EP-poly-2 is more voluminous than that of EP-poly-1, pointing to higher gas emission, similar to

intumescent FR systems.

identical, the change in char characteristics explains the differ-
ence in fire performance, as the residue morphology and its
properties often determine effective flame retardancy.>”

Additionally, the effective heat of combustion (EHC)
was reduced by the release of P-containing volatiles. These
P-containing volatiles acted in the gas phase as radical scaven-
gers, i.e. by lowering the concentration of highly reactive rad-
icals (H', HO", CO’, etc.) through P or PO radicals. The result-
ing flame inhibition led to less complete combustion; addition-
ally, P enhanced charring thus stored fuel in the condensed
phase, all of which resulted in a reduction of THE (Fig. 4b).

To further assess fire behavior and flame retardancy, the
fire load (THE) is often plotted against the fire growth index
(PHRR/t;g, Fig. 4¢),*® because THE describes heat release quan-
titatively, however it does not describe the release rate. PHRR/
tiy is a means of describing the time-dependent flashover
potential or fire growth index, i.e. the severity of a fire, or peak
heat release potential; however, it is not quantitative. The
investigated FRs reduced both PHRR/t;; and THE of EP, which
had a PHRR/;; of 36 kW m™ s™" and a THE of 110 MJ m™>.
EP-Poly-1 had a performance similar to EP-BDP: BDP reduced
THE of EP by 19% to 88 MJ m~> and poly-1 reduced it by 21% to

5926 | Polym. Chem., 2019, 10, 5920-5930

86 MJ m™>. The PHRR/¢;, was reduced by 21% to 29 kW s™' m™>
and by 23% to 28 kW s™' m~> for BDP and poly-1, respectively.
Poly-2 exhibits a higher THE compared to poly-1 and BDP but
has a stronger reduction in PHRR/tj;. The graph visualizes the
overall good flame-retardancy potential of the 4b-FRs: a shift to
the lower-left corner of the coordinate system indicates a
reduction of overall heat and fire growth. Both 2b-FRs lower both
values on a similar level to the benchmark material, proving
their efficacy for this polymer resin system. Moreover, poly-1
exhibited lower fire loads than poly-2 in EP; this implies that
poly-1 was more able to bind fuel in the condensed phase, as
proven by the higher overall char yield. On the other hand, poly-
2 reduced the fire growth rate more strongly than poly-1 in EP:
this resulted from the better thermal barrier properties of
EP-poly-2’s char, which lowered PHRR, as well as the higher
thermal stability of poly-2 which led to an increased t,.

Conclusion

Hyperbranched polymers, especially polyphosphoesters, are
interesting candidates as polymeric flame retardants. ZbPPEs

This journal is © The Royal Society of Chemistry 2019
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were previously prepared by A, + B,, approaches, which might
result in cross-linked PPEs, as adjustment of the monomer
feed-ratio or termination before the gel point needs to be care-
fully conducted. Herein, we presented the first phosphorus-
based AB, monomer (1), allowing the synthesis of ZbPPEs in a
single polyaddition step without the chance of undesired
cross-linking.

In addition to the simplified polymerization procedure,
poly-1 exhibited a slightly higher performance compared to
similar ZbPPEs (poly-2), prepared by A, + B; polyaddition,
probably due to its higher phosphorus content. This work
further extends the possibilities for the preparation
of branched polyphosphoesters, which might be used in
biofriendly flame retardant applications or biomedical
applications.

Experimental section
Materials

All chemicals were purchased from commercial suppliers as
reagent grade and used without further purification.

Samples for TGA-FTIR and hot-stage FTIR were milled prior
to use. Powdered specimens were obtained using a RETSCH
CryoMill under liquid nitrogen cooling.

DSC

For Differential Scanning Calorimetry (DSC), a Mettler Toledo
DSC 823° was used. With a heating and cooling rate of 10 K
min~"', three measurements of heating, cooling and heating
were performed. The measurements were done in a nitrogen
atmosphere with a flow rate of 30 mL min~".

EP-FRs were measured on a Netzsch 204 F1, type Pheonix.
Two cooling and three heating runs were performed on 5 mg
bulk material samples; the rate was 10 K min™", the tempera-
ture range was —80 to 180 °C, and the nitrogen flow rate was
30 mL min~". The second and third heating rate were used to

determine T.

TGA

For the thermogravimetric analysis (TGA) of the neat flame
retardants, a Mettler Toledo TGA/DSC 3+ in a nitrogen atmo-
sphere was used. Using 10 mg of the sample, the measure-
ments were performed in a range from 25 °C to 700 °C with a

heating rate of 10 K min™".

TG-FTIR

Pyrolysis investigations into mass loss and evolved gas analysis
were performed via thermogravimetric analysis (TGA) on a
Netzsch TG 209, type Iris, which was coupled via transfer line
to a Bruker Tensor 27 infrared spectrometer (FTIR). For
TG-FTIR measurements of EP and EP-FRs, 10 mg powdered
samples were used, while for pure 2b-FRs, 5 mg samples were
measured. Measurements were conducted from 30-900 °C
(10 K min™") under a 30 ml min~" nitrogen purge. Evolved
gases passed through a transfer line heated to 270 °C into the
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FTIR gas cell which was also heated to 270 °C. The measuring

range was 4000-400 cm™" with a resolution of 1 ecm™.

Hot stage FTIR

Pyrolysis investigations of the condensed phase activity were
performed on a Bruker Vertex 70 FTIR equipped with a
Linkam FTIR600 hot stage cell. Powdered EP and EP-FR
samples (ca. 5 mg) were mixed with 150 mg KBr in a
mortar and pestle, then pressed into a platelet at 7 bar.
Specimens were heated from 30-600 °C at a rate of 10 K min™"
under a nitrogen atmosphere. The measuring range was
4000-400 cm™" with a resolution of 0.4 cm™.

Pyrolysis-gas chromatography-mass spectrometry
(Py-GC/MS)

Pyrolytic evolved gas analysis was performed on a pyrolysis-
gas chromatograph/mass spectrometer using a Frontier Lab
PY3030iD micro-furnace single-shot pyrolyzer connected to
an Agilent Technologies 7890B gas chromatograph via a
split-/splitless inlet port. An Agilent Technologies 7890B
mass selective detector was combined with the gas chromato-
graph; the ionization energy (EI) was 70 eV and the scan
range was 15-550 amu. 150 pg samples were pyrolyzed under
helium atmosphere and inserted into the pyrolyzer via gravi-
metric fall; the temperature was 500 °C, except for measure-
ments of poly-1, where the pyrolyzer temperature was set to
250 °C for an additional measurement. All evolved pyrolysis
products were separated under a helium flow of 1 mL m™" in
an Ultra Allow+- 5 capillary column with a length of 30 m,
inner diameter of 0.25 mm, and film thickness of 0.25 pm.
First, the column was heated to 40 °C and held there for
2 min, then heated at a rate of 10 K min™" up to 300 °C,
where it was kept for 10 min. The GC injector was operated in
a split mode of 1:300; the interface temperature was 300 °C.
MS peak assignments were made using the NIST 14 MS
library.

Cone calorimeter

Fire testing was conducted on an FTT cone calorimeter operat-
ing at a heat flux of 50 kW m~> according to ISO 5660, simulat-
ing a developing fire.>* Samples sized 100 mm x 100 mm X
4 mm were conditioned at 23 °C and 50% RH for at least 48 h,
then measured at a distance of 35 mm from the cone heater,
as a distance of 25 mm was not suitable for the large residues
of the materials.*’

GPC

GPC measurements were performed in DMF (+LiBr 1 g L)
with a PSS SecCurity system (Agilent Technologies 1260
Infinity). Sample injection was performed by a 1260-ALS auto-
sampler (Waters) at 60 °C. SDV columns (PSS) with dimensions
of 300 x 80 mm, 10 pm particle size, and pore sizes of 10 000,
1000, and 100 A were employed. The IR 1260 RID detector and
UV-vis 1260-VWD detector (Agilent) were used for detection.
Calibration was achieved using poly(styrene) standards pro-
vided by Polymer Standards Service.

Polym. Chem., 2019, 10, 5920-5930 | 5927
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Elemental analysis

Elemental analysis was run on an Elementar Vario EL cube.

NMR

Nuclear magnetic resonance (NMR) analysis, 'H, *'P {H} and
3C {H} NMR spectra were recorded with Bruker Avance spec-
trometers operating with 250, 300, 500 and 700 MHz frequen-
cies in deuterated chloroform, deuterated dimethyl sulfoxide
or deuterated N,N-dimethylformamide as a solvent. The cali-
bration of the spectra was done against the solvent signal. The
spectra were analyzed using MestReNova 9 from Mestrelab
Research S.L.

4-Bromobutan-1-ol

The synthesis was done according to a literature procedure.>”
In a 1 L flask, THF (270 mL, 3.33 mol) was added to hydro-
bromic acid (48%, 180 g, 1.06 mol). The mixture was refluxed
for two hours, transferred into an Erlenmeyer flask, and the
reaction was neutralized by the addition of NaHCO; under
strong CO, development. The aqueous solution was extracted
with dichloromethane and the organic layers were combined
and dried with Na,SO,. The solvent was removed at reduced
pressure, yielding the product (47.3 g, 29%), which was used
without further purification.

'H NMR (250 MHz, CDCl,): 6 [ppm] = 4.01 (s, 1H), 3.69 (t,
J = 6.4 Hz, 2H), 3.44 (t, ] = 6.6 Hz, 2H), 2.05-1.79 (dd, J = 8.0,
6.6 Hz, 2H), 1.79-1.62 (dd, J = 8.5, 6.4 Hz, 2H).

4-Bromobutyl phosphorodichloridate (1a)

To a dried three-necked, 500 mL round bottom flask equipped
with two 100 mL dropping funnels, 0.522 mol phosphoryl
chloride (80.00 g, 47.62 mL, 521.78 mmol, 5.0 eq.) were added
to ice-cooled, dry toluene (100 mL) under argon atmosphere.
4-bromobutan-1-ol (15.97 g, 9.51 mL, 104.36 mmol, 1.0 eq.)
dissolved in dry toluene (50 mL) and pyridine (8.25 g, 8.42 mL,
104.36 mmol, 1.0 eq.) dissolved in dry toluene (50 mL) were
added to the above flask dropwise, keeping the temperature at
0 °C. After stirring overnight at room temperature, pyridine
hydrochloride was removed as a white solid by filtration. The
filtrate containing the alkylene dichlorophosphate in toluene
was concentrated at reduced pressure. 4-Bromobutyl phos-
phoro-dichloridate was obtained as a colourless liquid (yield:
21.6 g, 77%).

'H NMR (300 MHz, 298 K, CDCl;, &/ppm): 4.43-3.34
(m, 2H), 3.49-3.43 (t, ] = 5.8 Hz, 2H), 2.07-1.95 (m, 4H).

3'p{H} NMR (202 MHz, 298 K, CDCl;, §/ppm): 7.21.

4-Bromobutyldi(hex-5-en-1-yl) phosphate (1b)

To a dry three-necked, 500 mL round bottom flask fitted with
a 250 mL dropping funnel, 5-hexen-1-ol (17.61 g, 21.11 mL,
175.29 mmol, 2.1 eq.) and pyridine (13.87 g, 14.15 mlL,
175.29 mmol, 2.1 eq.) were added to dry toluene (100 mL)
under an argon atmosphere. 1 (22.53 g, 83.47 mmol, 1.0 eq.)
dissolved in dry toluene (100 mL) was added to the above flask
dropwise at room temperature. After stirring overnight, pyri-
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dine hydrochloride was removed as a white solid by filtration.
The organic solution was washed with sodium bicarbonate
solution, 10% hydrochloric acid, and sodium chloride solu-
tion. The organic layer was dried over anhydrous sodium
sulfate, filtered, and the solvent was removed at reduced
pressure.  4-Bromobutyldi(hex-5-en-1-yl)  phosphate
obtained as a yellow liquid (yield: 30.2 g, 88%).

'H NMR (300 MHz, 298 K, CDCl;, §/ppm): 5.90-5.68
(m, 2H), 5.06-4.92 (m, 4H), 4.40-3.92 (m, 6H), 3.69-3.61 (t, ] =
6.3 Hz, 2H), 3.48-3.40 (t, / = 6.3 Hz,2H), 2.21-2.05 (m, 4H),
2.05-1.74 (m, 4H), 1.74-1.59 (m, 4H), 1.53-1.41 (m, 4H).
*'P{H} NMR (202 MHz, 298 K, CDCl3, §/ppm): —0.71.

was

Di(hex-5-en-1-yl)(4-acetylthiobutyl)phosphate (1c)

To a dry one-necked, 500 mL round bottom flask, 2 (29.05 g,
73.11 mmol, 1.0 eq.) and potassium thioacetate (9.18 g,
80.42 mmol, 1.1 eq.) were dissolved in acetone (100 mL). After
stirring overnight at room temperature, potassium bromide
was removed as a white solid by filtration. Acetone was
removed at reduced pressure and the residue was dissolved in
toluene (100 mL). The mixture was washed with sodium bicar-
bonate solution, 10% hydrochloric acid and sodium chloride
solution. The organic layer was dried over anhydrous sodium
sulfate, filtered and the solvent was removed at reduced
pressure to isolate S-(4-((bis(hex-5-en-1-yloxy)phosphoryl)oxy)
butyl)ethanethioate (yield: 27.7 g, 96%).

'H NMR (300 MHz, 298 K, CDCl;, §/ppm): 5.87-5.70
(m, 2H), 5.06-4.92 (m, 4H), 4.23-3.94(m, 6H), 3.92-2.82 (m,
4H), 2.32 (s, 3H), 2.13-2.02 (m, 4H) 1.79-1.63 (m, 8H),
1.54-1.42 (m 4H).

*'P{H} NMR (202 MHz, 298 K, CDCl3, §/ppm): —0.55.

Di(hex-5-en-1-yl)(4-mercaptobutyl)phosphate (1)

1c (26.78 g, 68.24 mmol, 1.0 eq.) was dissolved in dichloro-
methane (100 mL) in a dry one-necked, 500 mL round bottom
flask. Then 1 M hydrazine in THF (102.36 mL, 102.36 mmol,
1.5 eq.) was added dropwise. After stirring overnight at room
temperature, the mixture was washed with sodium bicarbonate
solution, 10% hydrochloric acid and sodium chloride solution.
The organic layer was dried over anhydrous sodium sulfate, fil-
tered and concentrated in vacuo. The remaining liquid was
purified by column chromatography (3:7 ethyl acetate/pet-
roleum ether) to obtain an off-white oil (yield: 5.8 g, 24%).

'H NMR (300 Hz, 298 K, CDCl;, §/ppm): 5.88-5.70 (m, 2H),
5.06-4.92 (m, 4H), 4.10-3.98 (m, 6H), 2.62-2.50 (m, 2H),
2.14-2.02 (m, 4H), 1.88-1.58 (m, 8H), 1.54-1.41 (m, 4H), 1.34
(t,] = 7.9 Hz, 1H).

3'p{H} NMR (202 MHz, 298 K, CDCl;, §/ppm): —0.68.

Poly-1

Poly-1 was prepared by a radical thiol-ene polyaddition. 33 g
(94.2 mmol; 1.0 eq.) of the previously synthesized monomer 1
were dissolved in 230 mL toluene and added to a reactor fitted
with a mechanical stirrer under an argon atmosphere. As a
radical initiator, 1.4 g azobisisobutyronitrile (AIBN) (8.5 mmol;
0.1 eq.) was used. The solution was heated at 90 °C for

This journal is © The Royal Society of Chemistry 2019
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24 hours. The crude mixture was then concentrated and dried
at reduced pressure until constant weight (yield: 32.5 g,
98.5%).

"H NMR (300 Hz, 298 K, CDCl;, §/ppm): 5.88-5.70 (m, 2H),
5.06-4.92 (m, 4H), 4.10-3.98 (m, 6H), 2.62-2.50 (m, 4H),
2.14-2.02 (m, 4H), 1.88-1.58 (m, 8H), 1.54-1.41 (m, 4H).

*'P{H} NMR (202 MHz, 298 K, CDCl;, §/ppm): —0.70.

Poly-2

The synthesis was done according to a literature procedure."’

Poly-1 for kinetic studies

In a 25 mL Schlenk tube, 1 (405 mg, 1.16 mmol) was dissolved
in toluene (2.7 mL) under an argon atmosphere. AIBN (0.03,
0.06, or 0.09 eq.) was added to the Schlenk tube and the
mixture was heated to 70 °C or 90 °C. After specific reaction
times, samples (each 0.2 mL) were taken and terminated in air
for the analysis of the polymerization kinetics. The crude
product was dried in vacuo and analyzed by 'H, *'P NMR,
and GPC.

"H NMR (300 Hz, 298 K, CDCl;, 6/ppm): 5.88-5.70 (m, 2H),
5.06-4.92 (m, 4H), 4.10-3.98 (m, 6H), 2.62-2.50 (m, 4H),
2.14-2.02 (m, 4H), 1.88-1.58 (m, 8H), 1.54-1.41 (m, 4H).

3'p{H} NMR (202 MHz, 298 K, CDCl;, §/ppm): —0.70.

Epoxy preparation

All epoxy resins were prepared using bisphenol A diglycidy-
lether (DGEBA) (Araldite MY740, Bodo Moller Chemie GmbH,
Offenbach am Main, Germany) as the epoxide agent and 2,2"-
dimethyl-4,4"-methylene-bis-(cyclohexylamine) (DMC) (Sigma
Aldrich Co. LLC/Merck KgaA, Darmstadt, Germany) as the
amine hardener. The materials were mixed, poured into alumi-
num molds of desired dimensions, then hardened at 150 °C
for 3 h. The flame retarded epoxy resins were produced in the
same manner, except 10 wt% of the mixture was replaced with
the respective flame retardant.
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Figure S3. ASAP-MS of 1 [M+H]" 262.9 m/z.
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Figure S5.3'P {H}-NMR (121 MHz in CDCl; at 298 K) of poly-1.
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Figure S6. Total ion chromatogram of pyrolysis GC MS of poly-1 measured at 250 °C (first

decomposition step).
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Figure S7. Total ion chromatogram of pyrolysis GC MS of poly-1 measured at 500 °C (full

decomposition).
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Figure S8. Mass spectrum at 5.62 min in the pyrolysis GC MS total ion chromatogram of poly-1 at

250 °C, identified by NIST 14 library as tetrahydro thiophene.
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Figure S9. Comparative spectra of tetrahydro thiophene from NIST chemistry webbook.
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Figure S10. Mass spectrum at 2.60 min in the pyrolysis GC MS total ion chromatogram of poly-1 at

500 °C, identified by NIST 14 library as 1,5-hexadiene.
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Figure S11. Comparative spectra of 1,5-hexadiene from NIST chemistry webbook.
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Figure S12. Mass spectrum at 3.56 min in the pyrolysis GC MS total ion chromatogram of poly-1 at

550 °C, identified by NIST 14 library as cyclohexene.
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Figure S13. Comparative spectra of cyclohexene from NIST chemistry webbook.
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Figure S14. Mass spectrum at 6.57 min in the pyrolysis GC MS total ion chromatogram of poly-1 at

500 °C, identified by NIST 14 library as 5-hexen-1-ol.

5-Hexen-1-0l
MASS SPECTRUM

100

80

Rel. Intensity
[+2]
(=]

Pl

B~
o
| I

20+

i1 S ‘l ‘|!‘h
0.0 20 40

m/z

I
60 80 1

NIST Chemistry WebBook ({https./fiwebbook.nist.gov/chemistry)

Figure S15. Comparative spectra of 5-hexen-1-ol from NIST chemistry webbook.
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Figure S16. TGA-FTIR spectrum of poly-1, identifying the main decomposition products (tetrahydro

thiophene; 1,5-hexadiene; 5-hexen-1-ol) at specific decomposition temperatures (222 °C, 274 °C) using

references from NIST library.
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Figure S17. Evolved gas analysis of EP-FRs during pyrolysis via TGA coupled with FTIR (TG-FTIR),

comparing the products at ca. 290 °C and ca. 360 — 380 °C.
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Figure S18. Results from hot-stage FTIR measurements, comparing the condensed phase spectra of EP-

FRs at 100 °C and 300 °C.

Absorbance / a.u.

[——DGEBA/DMC

+ Poly-2 + BDP|

+ Poly-1

Il

35003000

1"
F T=500°C

2000 1500 1000 500
Wavenumber / cm™

Figure S19. Results from hot-stage FTIR measurements, comparing the condensed phase spectra of EP-

FRs at 500 °C and 600 °C.

S9



= DGEBA/DMC]

+ Poly-1

..... + Poly-2 155 °C
+ BDP

—

Exo-up
Heat Flow / a.u.

Temperature / °C

20 40 60 8 100 120 140 160 180

Figure S20. Results from DSC measurements, comparing glass-transition temperatures (1) of EP and

EP-FRs.

Table S1. Results from cone calorimeter measurements of EP-FRs, comparing total heat evolved (THE;

= total heat released at flame-out), peak of heat release rate (PHRR), time to ignition (#,), residue yield,

and effective heat of combustion (EHC; = THE / total mass loss).

EP EP-poly-1 EP-poly-2 EP-BDP
THE / MJ m™ 108.4 £ 2.6 85.9+0.0 89.8+3.0 87.4+1.2
PHHR / kW m-2 1696 + 180 1170 + 32 953 +41 1180 + 41
tig/s 47 £1 39+2 38+3 42 +6
Residue /wt.-% 0.7+0.1 11.5+0.8 7.5+0.6 3.1+0.2
EHC / MJ kg 26.9+1.0 24.3+0.2 24.3+0.6 22.7+0.2

Table S2. TGA results of EP and EP-FRs, comparing onset temperature (7so,), temperature of maximum

mass loss rate (7n.x), and residue at 700 °C.

EP EP-poly-1 EP-poly-2 EP-BDP
Tse / °C 338+1 268z1 289+1 3041
Tmax/ °C 372+1 3500 3511 3570
Residue /wt.-% 4.5+0.1 7.9+03 7.7+00 8.2+0.1

Scheme S1. Chemical structure of bisphenol A bis(diphenyl phosphate) (BDP).
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Figure S21. '"H-NMR (300 MHz in CDCl; at 298 K) of poly-2 showing a ratio of npoupie-bond/NEster Of 0.39.

Table S3. Elemental analysis of poly-2. %C, %H, %N and %S was measured, the other values were
calculated as follows: %O&P = 100-(%C+%H+%N+%S); %Po,08p = M(P)/(4*M(O) + M(P)) * 100%;
%P = %0O&P * %P%O&P / 100%.

%C  %H %N %S  %O8&P %Pyoge %P
Poly-2 5523 866 0 12.48 23.64 33 7.7
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6. Summary

Due to the chemical versatility of phosphorus, phosphorus-based compounds are an
important group of halogen-free flame retardants (FRs). Especially additive flame retardants
may be applied in a wide range of polymer materials, and many organophosphorus-based
additives have been proven effective at low loadings with reduced impact on material
properties compared to conventional inorganic variants. Moreover, polymeric
organophosphorus FRs are less prone to leach or bloom out of the polymer matrix. Recently,
phosphorus-based polymeric FRs with complex shapes have gained attention due to their
ability to further increase miscibility with and immobilization in the polymer matrix, as well as
reduce the impact on material properties like glass-transition temperature, present a high
functional group content, be effective at low loadings, and exhibit an increased

biocompatibility.

In this work, phosphorus-based hyperbranched polymers are investigated as
multifunctional flame-retardant additives to epoxy resins. In the first steps, a library of
phosphorus-based flame retardants was synthesized, and their chemical structure verified,
predominantly by 'H and 3'P {H} NMR analysis, gel permeation chromatography (GPC), and
in some cases via MALDI-TOF. These compounds varied in their molar mass (low molar mass
monomers; hyperbranched polymers), in the chemical surrounding of phosphorus
(systematically varied P-O and P-N content), aromaticity, polymerization type (ATMET; AB.
vs. A;+B5), and sulfur oxidation state (thioether vs. sulfone). These compounds’ pyrolysis
behavior was characterized multi-methodically, and a chemical decomposition pathway was
presented. The fire behavior and pyrolytic decomposition of an epoxy resin was characterized
and compared to resins with 10 wt.-% loadings of the respective flame retardants to indicate

the mode of action and reveal the chemical interaction between matrix and additive.

The multi-methodic approach involved investigations of the pyrolytic decomposition of the
flame retardants, and the comparison of pyrolysis and fire behavior of an epoxy resin with a

flame-retarded formulation. Several methods were used to identify the decomposition
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products in the gas and the condensed phase, including thermogravimetric analysis, infrared
spectroscopy, pyrolysis-gas chromatography/ mass spectrometry, pyrolysis combustion flow
calorimetry, elemental analysis, and scanning electron microscopy. Fire tests included
reaction-to-small-flames tests, e.g. limiting oxygen index and UL-94, and forced flaming tests
via cone calorimeter. By interpreting the combined results, a decomposition mechanism and

chemical interaction pathway was proposed to explain the detected modes of action.

The polymer matrix was an epoxy resin based on diglycidyl ether of bisphenol A (DGEBA).
In an additional investigation, the efficacy of the flame retardants in DGEBA-based resins with
a pentaerythritol tetraglycidyl ether-based epoxy resin was compared. DGEBA is among the
most commonly used resin educts and has a wide range of applications in the electronic and
electric industry, as well as in aviation and automobiles, where high-performance polymers
with special properties are used. Hence, the material properties, i.e. glass transition
temperature, of the matrix were investigated via differential scanning calorimetry. The
hyperbranched polymers exhibited a reduced or similar effect on glass-transition temperature
compared to the commercially available benchmark FR, i.e. bisphenol A diphenyl phosphate

(BDP).

The investigations showed that the chemical surrounding of phosphorus plays a crucial role
in the decomposition pathway and the resultant flame-retardant modes of action: while
phosphoramides function primarily in the condensed phase, phosphoesters function in both
gas and condensed phase. Moreover, hyperbranched polymers exhibited a high thermal
stability, thus increasing the interaction between epoxy resin and flame retardant. It was
shown that the resin type plays a significant role in the flame-retardancy potential due to
thermal decomposition temperature overlap. This effect was also highlighted in investigations
of aliphatic and aromatic FR formulations, as aromatic compounds were more thermally
stable, yet aromatic hyperbranched polymers lacked chemical interaction due to their elevated
decomposition temperature in comparison to the resin. Furthermore, the role of sulfur in the
hyperbranched polymers’ linker group was elucidated and shown to add flame-retardant

functionality via thiyl-radical generation. Studies of the polymerization type (A,+B; or AB,)

238



highlighted the increased flame-retardancy potential of AB. polymers due to higher
phosphorus content. The herein presented results illuminate the multifunctional qualities of
phosphorus-based hyperbranched polymers as effective flame retardants for epoxy resins and
provide an insight into their chemical interaction and mode of action in pyrolytic and flaming
conditions. The research presented within this work helps to understand the way in which
hyperbranched flame retardants function and may improve future formulations in the ever-

evolving landscape of flame retardancy of polymers.
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7. Zusammenfassung

Phosphorbasierte Verbindungen sind eine wichtige Gruppe der halogenfreien
Flammschutzmittel (FSM) aufgrund der chemischen Vielseitigkeit von Phosphor.
Insbesondere additive Flammschutzmittel konnen in einer grofien Vielfalt an
Polymerwerkstoffen eingesetzt werden, und viele additive Organophosphorverbindungen
haben sich bereits bei geringer Fiillmenge als wirksam erwiesen. Materialeigenschaften
werden hierbei im Vergleich zu herkémmlichen anorganischen Varianten weniger
beeintrachtigt werden. Des Weiteren neigen polymere Organophosphorverbindungen weniger
dazu aus der Polymermatrix auszulaugen oder auszubliithen. Phosphor-basierte Polymere mit
komplexen Strukturen haben in letzter Zeit aufgrund ihrer vielfiltigen vorteilhaften
Eigenschaften fiir Aufmerksamkeit gesorgt. Darunter zdhlen ihre gute Mischbarkeit mit sowie
hohe Fixierung in Polymermatrices, ihre niedrigere Auswirkung auf Materialeigenschaften wie
Glastibergangstemperatur, dem hohen Gehalt an funktionellen Gruppen, ihre Wirksamkeit bei

niedrigen Fiillmengen, und ihrer erh6hten Biokompatibilitat.

In dieser Arbeit werden hyperverzweigte Polymere als multifunktionale additive
Flammschutzmittel fiir Epoxidharze untersucht. Zunichst wurden dazu eine Reihe an
phosphorbasierten Flammschutzmittel synthetisiert. Deren chemische Struktur wurde primar
per 'Hund 3:P {H} NMR, Gelpermeationschromatographie (GPC) und in einigen Fillen mittels
MALDI-TOF verifiziert. Die Flammschutzmittel variierten in ihrer Molmasse
(niedermolekulare Monomere; hyperverzweigte Polymere), in der chemischen Umgebung des
Phosphors (systematisch variierender Gehalt an P-O— und P-N-Bindungen), ihrer
Aromatizitit, dem Polymerisationstyp (ATMET, AB, versus A.+B;) und der Oxidationszahl des
Schwefels (Thioether versus Sulfon). Das Pyrolyseverhalten dieser Verbindungen wurde
multimethodisch charakterisiert und ein chemischer Abbauweg wurde erstellt. Das
Brandverhalten und die pyrolytische Zersetzung eines Epoxidharzes wurde ebenso
charakterisiert und mit Harzen mit 10 Gew.-% Fiillmengen der jeweiligen FSM verglichen, um
die Wirkungsweise zu identifizieren und die chemische Wechselwirkung zwischen Matrix und
Additiv aufzuzeigen.
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Der multimethodische Ansatz umfasste Untersuchungen zur pyrolytischen Zersetzung der
Flammschutzmittel, sowie der Vergleich von Pyrolyse- und Brandverhalten -eines
Epoxidharzes mit einer flammgeschiitzten Variante. Zur Identifizierung der
Zersetzungsprodukte in der Gas- und der kondensierten Phase wurden verschiedene
Methoden angewendet, einschlieflich thermogravimetrischer Analyse, Infrarotspektroskopie,
Pyrolyse—Gaschromatographie/ Massenspektrometrie, Pyrolysis Combustion Flow
Kalorimetrie, Elementaranalyse und Rasterelektronenmikroskopie. Brandpriifungen
umfassten Entflammbarkeitspriifungen, z.B. durch den Sauerstoffindex und der UL-94-
Brennkammer, sowie Flammentests iiber das Cone-Kalorimeter. Durch Interpretation der
jeweiligen Ergebnisse wurde ein Zersetzungsmechanismus und ein chemischer

Wechselwirkungsweg vorgeschlagen, um die ermittelten Wirkungsmechanismen zu erklaren.

Bei der Polymermatrix handelt es sich um ein Epoxidharz auf Basis von Diglycidylether
von Bisphenol A (DGEBA). Bei einer weiteren Untersuchung wurde die Wirksamkeit der
Flammschutzmittel in DGEBA-basierten Harzen mit einem Pentaerythrittetraglycidylether-
basierten Epoxidharz verglichen. DGEBA gehort zu den am héufigsten verwendeten
Harzedukten und hat ein breites Anwendungsspektrum in der Elektronik- und
Elektroindustrie, sowie in der Luftfahrt und im Automobilbereich, wo Hochleistungspolymere
mit besonderen Eigenschaften eingesetzt werden. Aus diesem Grund wurden die
Materialeigenschaften der Matrix, wie Glaslibergangstemperatur, mittels dynamische
Differenzkalorimetrie (DSC) untersucht. Verglichen mit dem im Handel erhéltlichen Referenz-
FSM Bisphenol A—Diphenylphosphat (BDP), zeigten die hyperverzweigten Polymere eine

verringerte oder dhnliche Wirkung auf die Glasiibergangstemperatur der Matrix.

Die Untersuchungen zeigten, dass die chemische Umgebung des Phosphors eine
entscheidende Rolle fiir den Abbauweg und die daraus resultierenden flammhemmenden
Wirkmechanismen spielt: Wahrend Phosphoramide hauptsichlich in der kondensierten Phase
wirken, waren Phosphoester sowohl in der Gas- als auch in der kondensierten Phase wirksam.
Dariiber hinaus zeigten hyperverzweigte Polymere eine hohe thermische Stabilitdat, wodurch

die Wechselwirkung zwischen Epoxidharz und Flammschutzmittel erh6ht wurde. Es konnte
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gezeigt werden, dass die Art des Harzes aufgrund der thermischen
Zersetzungstemperaturiiberlappung eine signifikante Rolle zum effektiven Flammschutz
beitrdgt. Dies wurde auch bei Untersuchungen von aliphatischen und aromatischen FSM-
Formulierungen beobachtet. Aromatische Verbindungen waren dabei thermisch stabiler als
aliphatische. Aromatische hyperverzweigte Polymere hingegen wiesen nur geringe chemische
Wechselwirkungen auf, da ihre Zersetzungstemperaturen hoher als die der Matrix waren.
Dariiber hinaus wurde die Rolle von Schwefel in der Linkergruppe von hyperverzweigten
Polymeren aufgeklart und gezeigt, dass Schwefel {iber die Bildung von Thiyl-Radikalen eine
flammhemmende Funktion bietet. Untersuchungen des Polymerisationstyps (A-+B; oder AB.)
haben auBerdem das erhohte Flammschutzpotential von AB,-Polymeren aufgrund eines
hoheren Phosphorgehalts aufgedeckt. Die hier vorgestellten Ergebnisse veranschaulichen die
multifunktionalen Eigenschaften von phosphorbasierten hyperverzweigten Polymeren als
wirksame Flammschutzmittel fiir Epoxidharze und geben einen Einblick in deren chemische
Wechselwirkung und Wirkungsweise unter pyrolytischen und flammenden Bedingungen. Die
Forschungsergebnisse =~ dieser  Arbeit  veranschaulichen, wie  hyperverzweigte
Flammschutzmittel funktionieren und haben das Potential zukiinftige Formulierungen in der
sich stindig weiterentwickelnden Landschaft der Flammschutzmittel fiir Polymeren zu

verbessern.
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