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Abstract

Phosphorus-containing flame retardants were synthesized and a variety of strategies for
rendering them non-leachable were investigated. Chapter 1 gives a history of flame retardants,
with a focus on the issues associated with their usage. An introduction to the mechanisms of
flame retardancy and the effect of flame retardants on the thermal degradation of polymeric
materials is also given. An overview of the different methods of incorporating phosphoruscontaining flame retardants into polymeric materials is included.
Chapter 2 described the synthesis of a poly(methylene phosphine) and its oxide by the
addition polymerization of MesP=CPh2. These polymers are moderately effective non-leachable
flame retardants when tested by thermogravimetric analysis, Technical Association of Pulp and
Paper Industry (TAPPI) Standard Method T461 cm-00, and Limiting Oxygen Index (LOI).
The C-H activated microstructure of two poly(methylene phosphine)s, synthesized by the anionic
polymerization of ArP=CPh2 (Ar = 2,4,6-trimethylphenyl, Mes; 2,6-dimethylphenyl, Xyl), is
investigated in Chapter 3 using model chemistry and NMR spectroscopic analysis. A mechanism
for the anionic polymerization of phosphaalkenes in which a C-H activation occurs is proposed
based on kinetic studies, isotopic labelling, and theoretical calculations.
The synthesis of the molecular cyclophosphazene-based flame retardant hexakis(2aminoethyl)aminophosphazene is reported in Chapter 4. This phosphazene is an effective yet
leachable flame retardant for paper when tested by thermogravimetric analysis, TAPPI Standard
Method T461 cm-00, and LOI.
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An attempt to covalently link hexakis(2-aminoethyl)aminophosphazene to carboxylates
in pulp via carbodiimide coupling is described in Chapter 5. While unsuccessful, carbodiimide
coupling can be employed in the synthesis of several simpler phosphazene-amide derivatives.
In Chapter 6, a non-leachable flame retardant treatment for paper using hexakis(2aminoethyl)aminophosphazene and sodium carboxymethyl cellulose is described. The efficacy
of the treatment is evaluated by TAPPI Standard Method T461 cm-00, LOI, and SEM-EDS. The
solid precipitate formed in the reaction between hexakis(2-aminoethyl)aminophosphazene and
carboxylmethyl cellulose is studied using solid-state CP/MAS
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C NMR and IR spectroscopy,

and the interactions between hexakis(2-aminoethyl)aminophosphazene and carboxylmethyl
cellulose is modelled using an ammonium-containing phosphazene and carboxylate salt.
Chapter 7 summarizes the thesis and gives proposed future work on this project.
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In Chapter 4, the synthetic work was entirely performed by myself. Flame testing was
performed by myself and Emily Dyck. In Chapter 5, the synthetic work was entirely performed
by myself apart from compound 5.8, which was synthesized by Jimmy Tian. In Chapter 6, all
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Chapter 1: Introduction: Flame Retardants - A Perspective

1.1

Introduction
Perhaps the greatest impact synthetic chemistry has had on the planet during the 20th

century is through polymeric materials. Beginning in the late 19th century, the development of
methods to cheaply synthesize plastics on enormous scales has led to the permeation of
polymeric materials into all facets of our society.1,

2

From the clothes that we wear, to the

furniture we sit on, to the containers and packaging in which our food is stored, to even the most
mundane of objects such as utensils or shopping bags, in nearly every moment of every day we
are in close contact with plastics. While the average consumer may primarily be concerned with
the recyclability or durability of these plastics, a much more immediate issue is their
flammability. Current safety standards require significant quantities of flame retardants to be
incorporated into plastics destined for products that are deemed to pose the greatest risk to
consumers, particularly in the case of furniture and electronics. However, due to growing
awareness of their long-term health and environmental impact, existing flame retardant additives
are no longer suitable for wide use. The challenge for chemists therefore lies not in the synthesis
of new flame retardant compounds, but in the development of more effective flame retardant
treatments.

1

1.2
1.2.1

Historical Background
Flammability of Early Plastics
The inherent flammability of most plastics has been an issue from the earliest days of

polymer science. In the 1840’s, Christian Friedrich Schönbein, a chemistry professor at the
University of Basel, found that the highly oxidizing mixture of nitric and sulfuric acid reacted
with cotton to yield a product that, although appearing to be unchanged, would immediately and
vigorously burn upon exposure to flame. The products of cellulose nitration, known then
pyroxyline and now as nitrocellulose (1.1), were initially little more than laboratory curiosities.
Later, a highly nitrated form would be widely used as an explosive under the name gun cotton.
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Soon after, Alexander Parkes found that by mixing only moderately nitrated
nitrocellulose with a mixture of oils and organic solvents, a material with some degree of
plasticity was formed, which he named parkesine.1,

3, 4

Interestingly, Parkes noted in an early

patent from 1855 that the well known flammability of nitrocellulose could be reduced by the
addition of compounds “of a less inflammable nature”.5 During the 1860’s John Wesley Hyatt
built upon the work of Parkes and others by mixing nitrocellulose with camphor and molding
this mixture under heat and pressure to yield a more uniformly plastic material. Thus, Hyatt is
usually credited with synthesis of the first commercially useful plastic. This material would be
become known as celluloid.1, 3, 4

2

The high flammability of celluloid combined with the high heat and pressure required to
mold the material into desired shapes led to countless industrial accidents in celluloid
manufacturing.3,

6

Even after manufacture, celluloid still posed a risk to the public. Early

applications of celluloid took advantage of its ability to form a thin film, known as nitrate film.
The use of nitrate film to project early motion pictures was responsible for numerous fires as the
film could be ignited by sources including the hot bulbs in film projectors, friction from the
spinning reel, or an electrical short circuit. Additionally, the dark and crowded environments of
cinemas combined with poor or non-existent fire codes in the early 20th century meant that often
the majority of deaths occurred not due to the fire itself, but during the ensuing panic. A
notorious example from Canada is the Laurier Palace Cinema fire in Montreal in January of
1927, in which 77 children died in a crush after a small fire broke out on the balcony. Not limited
to cinemas, perhaps the worst disaster involving nitrate film was the Cleveland Clinic fire of
1929, in which the toxic fumes evolving from burning celluloid X-ray plates in a hospital killed
123 people.7

1.2.2

Halogenated Flame Retardants
As newly developed plastics came to replace celluloid, their inherent flammability

required the use of flame retardant additives to make them safe for every day use. Halogenated
flame

retardants

such

as

polybrominated

diphenyl

ethers

(PBDEs,

1.2),

hexabromocyclododecane (HBCD, 1.3), or polybrominated biphenyls (PBBs, 1.4) formed the
backbone of flame retardant usage in the plastics industry for much of the 20th century. While
most often bromine-containing, halogenated flame retardants can also be fluorine- or chlorinecontaining. The hydrophobicity of organohalogens makes them ideally suited for use in synthetic
3

polymers (generally petroleum-derived hydrocarbons), as the compatibility of flame retardant
additives with the material they are added to is an important concern.8, 9
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Beginning in the 1960’s, however, the public perception of flame retardants began to
change. In 1965 a Boeing 727 crashed in Salt Lake City after landing short of the runway.
Although the impact itself was not serious enough to cause fatalities, the resulting fire killed 43
of the 91 passengers and crew aboard. The plastics used to furnish the interior of the plane were
blamed for the intense heat and thick, toxic smoke of the fire. After this and other incidents, the
efficacy of flame retardants as well as the utility of the standards used to measure their
performance were called into question.10
Specifically, in the case of flame retardants, an infamous case occurred in Michigan in
1973 when between 500 and 1000 pounds of PBBs (1.4) were accidently used in the manufacture
of livestock feed.11 This feed was distributed across the state and fed to animals including cattle,
pigs, sheep, and chicken. The feed not only poisoned the animals, but also contaminated all of
the equipment and machinery used to transport and distribute the feed as well as the products
derived from the livestock including meat, eggs, milk, and cheese. Thousands of families are
thought to have been exposed to PBBs through ingestion of these contaminated products.
Although a solid link between exposure and negative health consequences has yet to be
established, studies continue to be conducted generations after the original event.12
4

Around the same time as the Michigan PBB incident, new flammability standards
required manufactures to apply flame retardant additives to children’s sleepwear. Just a few
years after this legislation came into effect, the most commonly used of these flame retardants
(tris(2,3-dibromopropyl)phosphate (Tris, 1.5) and tris(1,3-dichloro-2-propyl)phosphate (1.6)) as
well as their metabolites were found to be mutagenic.13-15 Despite 1.5 being quickly phased out
after the publication of these results, 1.6 continues to be widely used in polyurethane foams.16-19
O
P
O
O
O

Br
Br

Br

Cl
Br
Br

O
P
O
O
O

Cl
Cl

Cl
Cl

Cl

Br
1.5

1.6

Negative attention towards halogenated flame retardants culminated towards the end of
the 20th century when the environmental persistence, bioaccumulation, and toxicity of
halogenated flame retardants became apparent. Their presence in the environment stems from
how most commonly used brominated flame retardants are small molecules physically blended
into plastics. Thus, over time, the flame retardant will leach out of the material and into the
surrounding environment. Studies have linked exposure to PBDEs (1.2) to endocrine system
disruption, leading to neurological or reproductive deficiencies.20-25
In light of this growing wealth of research and the increased scrutiny stemming from it,
various national and international organizations have either banned or limited the production and
use of various halogenated flame retardants. The most notable international treaties governing
their use include the Rotterdam Convention in 1998 banning of the use of PBBs (1.4) and Tris

5

(1.5), while the Stockholm Convention on Persistent Organic Pollutants in 2001 included HBCD
(1.3) as well as some PBDEs (1.2) on a list of Persistent Organic Pollutants (POPs).
While limiting the usage of halogenated flame retardants is certainly a positive step, the
issue of flammability remains. The lack of alternative options can sometimes prevent or limit
legislation, leading to the continued use of compounds known to be toxic. For example, the list
of POPs resulting from the Stockholm Convention has been amended after its initial ratification
to include specific exemptions for the use of HBCD (1.3) in expanded or extruded polystyrene,
used as a building material. The development of non-halogenated, non-leachable flame
retardants is therefore not only an issue of public safety, but also one of critical commercial
importance. However, before a discussion of alternative flame retardants can take place, it is
important to understand the different mechanisms by which flame retardants act to better
distinguish them not only by their chemical differences, but also their modes of action.

1.3

Mechanisms of Flame Retardancy
When describing the concept of fire, the so-called “Fire Triangle” (Figure 1.1) is a simple

representation of the relationship between the three conditions necessary for sustained
combustion: oxygen, heat, and fuel. All three conditions must be present in balanced proportions
for a substance to burn, and the removal of any one vertex of the triangle results in the extinction
of the fire: without fuel there is nothing to burn, without oxygen the flame is quenched, and
without heat the fire cannot sustain itself.26

6

Figure 1.1: The traditional “Fire Triangle”, showing the three necessary conditions for fire at the vertices, and the
mechanisms of transfer at the edges.

While the Fire Triangle is useful in a qualitative sense, a more detailed model is needed
to understand the action of flame retardants. Figure 1.2 shows a representation of the polymer
combustion cycle. Once ignited, the pyrolysis of a polymer will release both flammable and nonflammable gaseous products. The flammable gases will react with oxygen to radiate heat to the
environment and to the surface of the material. The cycle then continues as the radiated heat
continues to cause the polymer to undergo pyrolysis. Depending on the exact nature of the
polymer, a carbonaceous char can also be formed.26-28 In a manner analogous to the Fire Triangle
(Figure 1.1), any interruption in the polymer combustion cycle will stop the fire. Thus, flame
retardants are species that interfere with the normal combustion of a material by either chemical
or physical mechanisms, resulting in the inhibition or extinction of the flame.29

7

Figure 1.2: The polymer combustion cycle, showing the major steps involved during the burning of a polymeric
material

Physical mechanisms for flame retardancy include processes that do not involve a direct
reaction between the flame retardant and the materials. This can include cooling, dilution, or the
formation of a physical barrier. Aluminum hydroxide [Al(OH)3] and magnesium hydroxide
[Mg(OH)2] are examples of flame retardants that perform all three simultaneously. Both salts
decompose endothermically, cooling the overall system and thereby preventing pyrolysis. Their
decomposition evolves water vapor, diluting the oxygen present in the gaseous phase thereby
limiting gaseous reactions. After the decomposition is complete, the final product (either Al2O3
or MgO) acts as a solid, non-flammable layer on top of the substrate, thus blocking further
combustion. Intumescence is another example of a physical flame retardant process, in which the
flame retardant acts as a blowing agent, swelling the substrate surface thereby insulating the rest
of the material.29
Flame retardants that act via chemical mechanisms are divided into two categories,
depending if they operate on the material in the gaseous or the condensed phase. Halogenated
flame retardants such as 1.2-1.4 act in the gas phase by thermally decomposing to give gaseous
8

free radicals, which in turn react with the free radical species present in flames. By reducing the
concentration of gaseous free radicals, the flame is either inhibited or quenched. In the
condensed phase, flame retardants can react with a substrate to promote char formation over
pyrolysis, thus forming a physical barrier to protect the substrate. This is similar to the physical
method of barrier forming, but in this case the char comes from the substrate itself.29 An
excellent example of this is how flame retardants for cellulosic materials act, a topic that will be
discussed in a later section.

1.4

Phosphorus-Containing Flame Retardants for Plastics
As the need for alternatives to halogenated flame retardants reaches a state of urgency,

phosphorus-containing flame retardants (PFRs) are receiving greater attention. PFRs are a large
class of flame retardant thought to act primarily through a condensed phase charring mechanism,
but in some cases gaseous processes have been proposed.30 While not novel, PFRs are attractive
alternatives to halogenated flame retardants as they are generally believed to be less toxic.
Additionally, owing to the diversity of oxidation states and bonding environments phosphorus
can adopt, phosphorus-containing species can be incorporated into a polymeric material using a
variety of strategies (Figure 1.3). Due to the explosive growth within the field of PFRs over the
last quarter century, the examples listed in the following sections are intended be representative
of techniques rather than an exhaustive list, with emphasis on recent work.31, 32
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Figure 1.3: Strategies of incorporating phosphorus-containing moieties to render a polymeric material flame
retardant: a) Physical blending of a phosphorus-containing small molecule or polymer b) Polymerization of a
phosphorus-containing monomer c) Modification of an existing polymer by covalently attaching a phosphoruscontaining species.

1.4.1

Blended Additives
The easiest strategy from a commercial perspective involves the physical blending of

phosphorus-containing flame retardant additives (Figure 1.3a), analogous to the use of
halogenated additives 1.2-1.6. Historically, the most commonly used phosphorus-containing
flame retardant additives include inorganic salts like ammonium phosphates (e.g. monobasic
ammonium phosphate, 1.7), organophosphate esters (e.g. tricresyl phosphate, 1.8), or even
elemental red phosphorus.
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Due to the well-known synergistic effect between phosphorus and nitrogen in flame
retardants,33-37 recent reports of molecular flame retardant additives attempt to maximize the
phosphorus and nitrogen content. Examples include the use of cyclophosphazenes (1.9-1.12),38-40
triazine

rings

functionalized

with

9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide

(DOPO) (1.13),41, 42 or melamine-phosphoramidate conjugates (1.14).43
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A major drawback of blended flame retardants is their tendency to leach out of a material.
This can occur if the molecular additive is not fully compatible with the polymer, causing it to
migrate to the surface of the materials where it can either volatilize or be removed by physical
action. Additionally, if the additive is water soluble (e.g. 1.7), environmental moisture can also
cause leaching. As a consequence of flame retardant leaching, the material will gradually lose its
flame retardancy over time. Furthermore, as in the case of halogenated flame retardants 1.2-1.4,
the leached additives may be considered environmental pollutants. Despite this, the use
11

molecular non-halogenated PFRs is still preferred because the leached flame retardant additives
are presumed to be relatively harmless when compared to halogenated flame retardants. This
isn’t always the case, however, particularly with organophosphate esters such as 1.5, 1.6, and
1.8.
In order to fully address the leachability issue, the use of phosphorus-containing
polymers as additive flame retardants has been investigated.44 Polyphosphazenes, being the
earliest and therefore one of the best studied classes of phosphorus-containing polymers, are
particularly well-studied.45, 46 Specifically in the case of additive flame retardants, more recent
reports include the use of linear polymer 1.1547 and cross-linked polymer 1.1648 as flame
retardants in lithium-ion batteries, and the blending of linear poly(bis(phenoxy)phosphazene)
(1.17)49 or cross-linked cyclolinear polyphosphazene 1.1850 with poly(lactic acid).
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While technically better described as linear or cyclic oligomers, another example of wellstudied phosphorus-containing polymeric additives are the polyphosphates. Traditionally,
ammonium polyphosphate (1.19) is combined with charring agents (e.g. pentaerythritol51-53 or
cyclodextrin54-56) and blowing agents such as melamine. The use of a charring agent is necessary
as 1.19 contains no carbon, while the blowing agent creates an intumescent effect. Polymeric
melamine derivatives are also used to act as both charring and blowing agent.57,

58

Melamine
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polyphosphates (1.20) are also widely used as components of flame retardant mixtures with clay
nanoparticles,59, 60 metal phosphinates,61, 62 metal ions,63 or combinations thereof.64-67
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Another common structural motif in the synthesis of flame retardant phosphoruscontaining polymers is the phosphonate moiety. The popularity of polyphosphonates stems from
their ease of synthesis, often formed in a one step condensation polymerization from
phenylphosphonic dichloride (PhPOCl2) and a diol. PhPOCl2 is an attractive starting material not
only due to its low cost, but its bifunctional nature means linear polymers are easily accessible.
In one example, a DOPO-functionalized diol was used to increase the phosphorus content in the
resulting polymer (1.21).68 Cyclic oligomers are also accessible, demonstrated by the reaction of
PhPOCl2 with bisphenol A (1.22) or phenolphthalein.69

70

Poly(vinylphosphonate)s (1.23) are

relatively unexplored for use as flame retardants, despite being a large class of phosphoruscontaining polymers. In a recent report, a series of poly(vinylphosphonate)s were synthesized by
rare earth metal-mediated group transfer polymerization for use as flame retardant additives in
polycarbonates.71
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Copolymerization of Phosphorus-Containing Monomers
While the use of phosphorus-containing polymers as flame retardant additives can

prevent leaching, as with molecular additives poor compatibility between the flame retardant and
polymeric material can alter the physical properties of the material in undesirable ways.
Additionally, although polymeric flame retardants are inherently non-volatile, phase separation
can result in flame retardant leaching. In contrast, direct covalent attachment of phosphoruscontaining functionalities to the polymer chain eliminates the problem of leachability and phase
separation by making the flame retardant moiety a part of the material itself (Figure 1.3b). The
most popular method of covalent attachment involves the incorporation of phosphoruscontaining moieties during the synthesis of the polymer by either polymerization of a
phosphorus-containing monomer or copolymerization of a phosphorus-containing monomer with
a comonomer.44
Due to its high degree of chemical functionality as well as its phosphorus and nitrogen
content, the cyclophosphazene motif is a common choice for incorporation into a polymeric
structure. Cyclophosphazene-containing epoxides in either monomeric (1.24)72 or polymeric
(1.2573, 1.2674) forms have been used to synthesize flame retardant cross-linked resins after
curing with amine hardeners. Using the same approach, more complex cross-linked polymeric
15

structures incorporating cyclophosphazene rings have been synthesized from the hexa(epoxide)
cyclophosphazene 1.2775 and the deca(epoxide) bis(cyclophosphazene) bisphenol A derivative
1.28.76
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Other cross-linked cyclophosphazene-containing thermosets include the use of a
tris(cyanate) cyclophosphazene derivative (1.29) that, upon heating, forms a flame retardant
crosslinked network polymer.77 The spirocyclic cyclophosphazene 1.30 can undergo thermal
ring-opening/ring-expanding reactions to form a cross-linked flame retardant polymer (1.31).78
The resulting material can be cross-linked even further through the use of an epoxidefuntionalized bisphenol A derivative.79
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Scheme 1.1: Thermal crosslinking of trispirocyclic cyclophosphazene derivative 1.30.
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Along with their use as flame retardant additives, linear polyphosphazenes have also been
widely investigated as flame retardant materials, primarily in the patent literature.45,

46

More

recent examples include the blending of polyphosphazene 1.32 with diisocyanate and diol
prepolymers to generate flame retardant polyurethane foam,80 and the use of polyphosphazene
1.33 to synthesize flame retardant thermoset epoxy resins.81 Both examples involve the synthesis
of poly(dichlorophosphazene) before subsequent substitution.
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Polyphosphonates are well represented as flame retardant materials due to their
convenient synthesis. For example, 4,4’-dihydrodeoxybenzoin has been used to access
polyphosphonates such as polymer 1.3482 as well as copolymers.83,

84

In other cases, the

phosphonate moiety is already present in the monomer rather than formed as part of the
polymerization step. The bis(isocyanate) 1.35, in which the phosphonate is now part of a side
chain, was used to synthesize flame retardant polyurethanes,85 while the bis(acrylate)
phosphonate 1.36 was used to synthesize a hyperbranched UV-cured flame retardant polymer
(1.37).86
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Scheme 1.2: Synthesis of a hyperbranched polyphosphonate acrylate (1.37) by UV curing.

As discussed earlier, PhPOCl2 is an attractive starting material for the synthesis of
phosphorus-containing polymers as it tends to yield linear polymers. Yet from a material science
perspective, branched or cross-linked polymers can be more suitable for particular applications.
To this end, phosphorus oxychloride (POCl3) has also been used to synthesize phosphorus20

containing polymers. The organophosphate ester 1.38, a logical extention of phosphonate 1.36,
has been used to prepare UV-cured flame retardant coatings,87,

88

while the phosphoramide-

containing cross-linked network polymer 1.39 is prepared in a single step from POCl3 and
piperazine.89
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1.39

Post-Polymerization Modification with Phosphorus
Direct covalent attachment of flame retardant phosphorus moieties can also be achieved

by post-polymerization modification of existing polymers (Figure 1.3c). Despite its apparent
simplicity, however, this strategy is not as widely used. Although the chemical inertness of
plastics enables them to be used in a wide variety of applications, this inertness results from the
fact that most synthetic polymers lack functional groups. Without any functional groups,
chemical modification cannot be conveniently achieved.
An exception to this is poly(vinyl alcohol), which can be modified by simple direct
phosphorylation using a chlorophosphine such as diethyl chlorophosphate,90 or cross-linked
using dichlorophosphines as bifunctional reagents.91 Other examples of functionalizing
poly(vinyl alcohol) include the use of an acyl chloride-containing phosphate ester,92 and the
reaction of a DOPO-containing silanol.93
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1.5

Flame Retardants for Cellulosic Materials
As part of a growing movement of environmental awareness in which non-renewable

resources are being eschewed in favour of “greener” alternatives, demand has shifted away from
petroleum-derived materials towards those generated from renewable sources such as plant
biomass. Cellulose, derived naturally from cotton or wood pulp, is particularly attractive due to
its abundance, renewability, and biodegradability. Despite all of these advantages, the
flammability of cellulosic materials still necessitates the use of flame retardants. Although
halogenated flame retardants have never been widely used with cellulosics, traditionally used
formulations such as boric acid are generally non-durable. Thus, as in the case of petroleumderived polymeric materials, there is a need for non-leachable flame retardants for cellulosic
materials.
Phosphorus-containing compounds are extremely effective as flame retardants for
cellulose-derived materials due to their ability to influence the mechanism of cellulose
degradation during pyrolysis (Figure 1.4).94,

95

During combustion, cellulose will normally

depolymerize at about 300 °C to form levoglucosan, which at that temperature will volatilize and
combust. Phosphorus compounds generally thermally degrade in air to form phosphorus
oxyacids such as phosphoric acid. In the presence of these acids, cellulose will instead crosslink
and dehydrate below 300 °C to form a carbonaceous char. This char acts as a physical barrier,
shielding the material from further combustion. Therefore, in the specific case of cellulose,
phosphorus-based flame retardants primarily act by a condensed phase mechanism (see Section
1.3).
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Figure 1.4: The thermal degradation pathway for cellulose in the absence and in the presence of phosphoruscontaining flame retardants.

1.5.1

Non-Leachable Phosphorus Flame Retardants for Cellulosic Materials
Despite the efficacy of PFRs for cellulosic materials, rendering them non-leachable can

be challenging since the strategies used for synthetic polymeric materials (Figure 1.3) are not
necessarily compatible with cellulose. Physical blending is convenient for melt-processed
plastics, but cellulose decomposes before melting. Copolymerization is inherently impossible
because cellulose is a naturally occurring polymer. Despite the high degree of chemical
functionality in cellulose, covalent attachment is difficult due to the complex macroscopic
structure of cellulose fibres. For example, the direct phosphorylation of cellulose is well studied,
and yet due to the low efficiency of the process it remains impractical on a large scale.96 Overall,
there is surprisingly little research on the use of non-leachable PFRs specifically for cellulose,
especially when compared to the vast body of literature on PFRs for synthetic polymeric
materials.
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A recent effort to address the leachability of commonly used flame retardants is the
coating of cotton textiles with allyl-functionalized polyphosphazene 1.40, which could then be
cross-linked by UV irradiation.97 A unique approach involves the ball-milling of graphite
followed by treatment with red phosphorus and exposure to ambient moisture to yield
phosphonic acid-containing graphene nanoplatelets (1.41).98 Paper samples treated with these
nanoplatelets were found to have increased flame retardancy.
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Among recent reports in the area of phosphorus-containing flame retardants for cellulosic
materials, the use of the “layer-by-layer” method,99,

100

in which multiple thin layers of

oppositely-charged electrolytes are deposited on a substrate, has become popular (Figure 1.5).
Despite resembling the simple additive approach, the ionic interactions between the layers as
well as possible interactions with the substrate itself makes it somewhat similar to postpolymerization modification. Thus, this intriguing method is something of a hybrid approach.
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Figure 1.5: “Layer-by-layer” assembly of oppositely-charged polyelectrolytes on a cellulosic material.

A number of systems have been explored in which phosphorus-containing anionic
polyelectrolytes including polyphosphates,101-107 poly(vinylphosphonic acid),108 poly(phosphoric
acid),109 or phosphonated oligoallylamines110 have been combined with cationic polyelectrolytes
(e.g. chitosan, branched polyethylenimine) on cellulosic materials. Bio-sourced phosphorus
species such as DNA111 or phytic acid112 have also been investigated for use in flame retardant
layer-by-layer assemblies. The durability of layer-by-layer coatings has been improved by the
use of a UV-curable species in conjunction with an ammonium polyphosphate/chitosan
system.113 Generally the treatment of cellulosic materials by the layer-by-layer method requires
the application of as many as 40 individual layers, but recently a one-pot method has been
developed.114-116
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1.6

Goal of the Project
The continued scrutiny of halogenated flame retardants combined with legislation

progressively banning their usage has created a dire need for alternatives. Despite phosphorusbased flame retardants having been used for decades, treatment methods to ensure their nonleachability have not advanced beyond a most basic stage. Recent research has focused on the
incorporation of phosphorus-containing species into synthetic polymeric materials. However,
much less investigation has been done specifically for the case of cellulosic materials. Thus, the
goal of this project was to not only synthesize novel phosphorus-based flame retardants, but to
develop durable methods of application to render them non-leachable when used to flame-retard
cellulosic materials. This thesis therefore lies at the intersection of two large areas of chemical
research: the development of non-leachable, non-halogenated flame retardant treatments and the
broad field of the utilization of renewable materials.

1.7

Outline of Thesis
Chapter 2 describes the use of phosphorus-containing polymers derived from the

polymerization of compounds containing P=C bonds (phosphaalkenes) as additive polymeric
flame retardants for paper. These polymers were found to be reasonably effective flame
retardants as well as non-leachable with respect to water. Chapter 3 is a mechanistic study of the
anionic polymerization of phosphaalkenes by spectroscopic and synthetic methods. The
microstructure of these polymers was found to match previously reported results for radical
initiation, and a kinetic investigation of a deuterium-labelled monomer gave insight into the
mechanism. Chapter 4 describes the synthesis of a phosphazene-derived molecular flame
retardant. While susceptible to leaching, this compound was found to be an extremely effective
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flame retardant for paper. Chapter 5 is a report on an attempt to chemically attach this flame
retardant to paper by carbodiimide coupling. Although the synthesis of model compounds was
largely successful, only modest flame retardancy was imparted to paper. Chapter 6 details the use
of the same phosphazene-derived flame retardant along with carboxymethyl cellulose as a flame
retardant coating for paper. The carboxymethyl cellulose was found to bind to both the flame
retardant molecule as well as the cellulose in the paper by a combination of non-covalent
interactions. These forces are strong enough to yield a robust, non-leachable flame retardant
coating. Lastly, Chapter 7 gives an outline of future work possible for this project.

27

Chapter 2: Flammability Properties of Paper Coated with Poly(methylene
phosphine), an Organophosphorus Polymer*

2.1

Introduction
Because of their inherent flammability, many commercial products must contain high

loadings of flame retardant additives to permit their safe usage. For example, flame retardant
additives comprise approximately 20 wt% of cellulose insulation materials made from recycled
paper fibers.117,

118

Particularly attractive are phosphorus-containing flame retardants because

they tend to offer lower toxicities than their halogen-containing counterparts.31,

32, 119, 120

Molecular and ionic phosphorus-based flame retardants (e.g. ammonium phosphates,
phosphonium salts, phosphonates, phosphines, and red phosphorus) have been added to both
natural and synthetic polymer-based products for many years. A key disadvantage of using
molecular compounds or ionic salts as flame retardants, the majority of which are water soluble,
is their tendency to leach out of the product over time and/or when in contact with water or
moisture.121, 122
As a consequence of the environmental and toxicological concerns about leachable
molecular flame retardants, the development of phosphorus-containing polymers for flame
retardant applications is increasingly of interest.44,

123

The use of polymeric phosphorus-based

flame retardant additives offers significantly reduced leachability when compared with their
molecular counterparts. Despite this advantage, employing phosphorus polymers as flame

*

This chapter has previously been published: A. M. Priegert, P. W. Siu, T. Q. Hu, and D. P.
Gates Fire Mater. 2015, 39, 647.
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retardants remains limited because of the synthetic difficulty of incorporating phosphorus
moieties into macromolecules. Perhaps the most well-studied polymeric P-based flame retardants
are the polyphosphazenes, [R2P=N]n, which have found commercial use.45, 46
As part of our program to develop new functional polymers containing phosphorus atoms
in the main chain, we have been investigating the addition polymerization of the P=C bond in
phosphaalkenes (Scheme 2.1).124-129 Our work has shown that P=C bonds, analogous to the C=C
bonds of olefins,130, 131 may be polymerized using radical or anionic methods of initiation and
that random and block copolymers are accessible containing phosphine functionalities. The
resultant polymers, poly(methylene phosphine)s (PMPs), are rare examples of well-defined
hydrophobic polymers with a tertiary phosphine moiety in the main chain.132

P C

P C

n
Poly(methylene phosphine) Phosphaalkene

C C

C C

Olefin

n
Poly(olefin)

Scheme 2.1: Isolobal analogy between P=C and C=C bonds, and its relationship to addition polymerization.

Herein, we report our studies of the efficacy of PMPs as non-leachable flame retardant
additives for paper made from thermomechanical pulp (TMP). TMP, produced from wood chips
in yields of >90%133 and retaining all the major wood components (cellulose, hemicelluloses,
and lignin), was chosen as an excellent mimic, in terms of flammability and chemical reactivity,
for cellulose insulation materials and for many wood and wood-plastic composite products used
in residential construction and the automotive industries.

29

2.2
2.2.1

Results and Discussion
Synthesis of Phosphaalkene Polymers 2.2 and 2.3
The anionic polymerization of phosphaalkene 2.1 using n-BuLi (1.5 mol%) as initiator

afforded polymer 2.2 in high yield (91%) (Scheme 2.2). Compared to the small scales
(approximately 1 g of 2.1) used in previous polymerization experiments,125-129 the present work
illustrates that the anionic polymerization of 2.1 is amenable to moderate scale-up (16.3 g of
monomer) with n-BuLi (1.5 mol%), which is the largest scale reported for the polymerization of
2.1. Analysis of the isolated pale yellow polymer by triple detection GPC-MALS revealed a
modest molecular weight (Mn = 27 000 g mol-1) and polydispersity index (PDI = 1.47). The 31P
and 1H NMR spectra of 2.2 are consistent with previous data for anionically polymerized
monomer. In light of recent data for the radical-initiated polymerization of 2.1,125 the
microstructure of 2.2 is shown in Scheme 2.2 with two possible modes of repeating units and
connectivity. The phosphine moieties of 2.2 were oxidized to 2.3 by treating a dichloromethane
solution of the polymer with an aqueous solution of H2O2. The 31P and 1H NMR spectra of 2.3
were consistent with those of previously characterized samples. Analysis by GPC revealed a
slight increase in molecular weight (Mn = 30 000 g mol-1) for 2.3 when compared with 2.2, as
anticipated. The slight decrease in polydispersity index (PDI = 1.24) when compared with its
parent polymer presumably arises from the fractionation of the polymer sample during the
precipitation process.
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Scheme 2.2: Synthesis of poly(methylene phosphine)s 2.2 and 2.3 by the anionic polymerization of phosphaalkene
2.1.

2.2.2

Thermogravimetric Analysis
Thermogravimetric anlysis (TGA) was employed as a means to obtain a preliminary

assessment of the flame retardant properties of paper coated with either 2.2 or 2.3. Initially, the
polymers were analyzed in the absence of paper under air and nitrogen atmospheres. The TGA
thermograms are shown in Figure 2.1(a) and (b), respectively. In both environments, 2.2
exhibited an initial small weight loss (Tonset 180 °C, wt.% = 2.5%) followed by a larger weight
loss [Tonset 290 °C, wt.% = 72% (air) or 84% (nitrogen)]. In air, there followed a third, slower
stage (Tonset = 686 °C, wt.% = 10%), which was not observed under nitrogen. Interestingly, 2.3
did not exhibit the same initial small weight loss as 2.2 but did show a large weight loss stage
[Tonset 335 °C, wt.% = 70% (air), 76% (nitrogen)]. Although the total mass lost during this stage
was similar for both 2.2 and 2.3, the phosphine oxide polymer 2.3 appears to have a higher
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stability to weight loss because its Tonset was approximately 45 °C higher than that measured for
2.2. Analogous to 2.2, a third stage of weight loss was observed for 2.3 under air (Tonset = 692
°C, wt.% = 17%) that was not observed under nitrogen.

Figure 2.1: TGA thermograms of polymers 2.2 and 2.3 under atmospheres of a) air and b) nitrogen.

The TGA thermograms of coated paper samples performed in air and nitrogen are shown
in Figure 2.2(a) and (b), respectively. Monobasic ammonium phosphate (MAP), a long
established phosphorus-based flame retardant for paper,134,

135

was used as a reference, while

uncoated paper was used as a control. The major weight loss features are summarized in Table
2.1. All samples showed an initial drying stage where up to ~10% of the initial mass was lost that
may be attributed to evaporation of residual moisture/bound water in the paper. After the drying
stage, the first stage of weight loss begins just above 300 °C for uncoated paper as well as paper
samples coated with 2.2 or 2.3. For uncoated paper, this stage is attributed to the
depolymerization of cellulose to primarily afford levoglucosan, which is volatile at that
temperature.94, 95, 136-139 For 2.2 and 2.3-coated samples, this depolymerization stage appears to
overlap with the onset of weight loss for pure 2.2 and 2.3 described earlier. Noteworthy is the
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fact that the overall weight lost during this stage is significantly greater for uncoated paper (65%)
than for 2.2-coated or 2.3-coated samples (50% and 51%, respectively).

Table 2.1: Summary of weight loss stages for uncoated paper or paper samples treated with either polymers 2.2 or
2.3, or MAP as determined by thermogravimetric analysis.

Drying stage
Weight loss (%)

First stage
Tonset (°C)

Second stage

Weight loss (%)

Tonset (°C)

Weight loss (%)

Sample

Air

N2

Air

N2

Air

N2

Air

N2

Air

N2

Uncoated

8

8

315 336

65

67

457

-

27

14

MAP

9

7

251 231

45

37

476

-

42

26

2.2

7

6

305 301

50

57

502

-

39

17

2.3

8

6

315 323

51

62

505

-

39

12

Figure 2.2: TGA thermograms of uncoated paper and paper samples treated either with polymers 2.2 or 2.3 or MAP
under atmospheres of a) air and b) nitrogen.

Particularly striking is that the weight loss profiles of paper samples coated with either
2.2, 2.3, or MAP are virtually identical at the completion of the first stage, even though the onset
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of weight loss for MAP-coated paper (Tonset = 251 °C) is lower than that for 2.2-coated or 2.3coated paper. (Tonset = 305 and 315 °C, respectively). The flame retardant mechanism for
ammonium phosphate-coated cellulosic materials is postulated to involve the thermal-induced
formation of phosphoric acid, which promotes cellulose dehydration to afford carbonaceous
char, H2O, and gases such as CO2 and CO.94, 135, 137, 140, 141 Therefore, we speculate that by the
end of the first stage, a similar char-formation step, the exact mechanism of which is not yet
known, may be taking place for the polymer-coated paper samples resulting in flame retardant
behavior. It is important to note that both pure 2.2 and 2.3 show no weight loss until 290 and 335
°C, respectively (Figure 2.1). Thus, for the polymer-coated paper, the charring process is delayed
until the phosphorus polymer itself starts to degrade, and consequently, both polymer-coated
paper samples are stable to higher temperatures than MAP-coated paper. Given that 2.2 and 2.3
both degrade at similar temperatures as cellulose, a gas phase mechanism of flame retardancy is
also possible. Such a radical-based mechanism has been proposed for some organophosphorus
flame retardants.141, 142 In all cases, the Tonset and percentage by weight lost during the first stage
are nearly identical for each sample whether under air or nitrogen, suggesting that the
depolymerization stage is largely a thermally driven rather than thermo-oxidatively driven
process.
The second stage of weight loss for uncoated paper is attributed to slow degradation of
the lignin within the TMP paper.143,

144

For coated paper, the second stage thus becomes a

combination of slow oxidative degradation of both lignin and the char formed in stage one. In
contrast to the first stage, the second stage is largely thermo-oxidative and, as a result, is slowed
considerably when the analysis is performed under nitrogen (the presence of trace oxygen is
inevitable because the TGA instrument is not perfectly sealed). The Tonset values for the second
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stage are significantly higher for air analysis of 2.2-coated and 2.3-coated paper (Tonset = 502 and
505 °C, respectively) when compared with that of MAP-coated or uncoated paper (Tonset = 476
and 457 °C, respectively). Under nitrogen, the TGA thermograms showed no distinct second
stage, which reflects the fact that this is primarily a thermo-oxidative process. The char yields at
850 °C were highest for the MAP-coated paper sample (30%) with the 2.2 and 2.3 samples being
the same (20%), whereas uncoated paper showed the lowest char yields (11%).

2.2.3

Flame Testing of Coated Paper Samples
The flame retardant properties of paper samples coated with 2.2 or 2.3 at a loading of 0.8

mmol P/g paper were also investigated by Technical Association of Pulp and Paper Industry
(TAPPI) Standard Method T461 cm-00. The results are summarized in Table 2.2. Figure 2.3
shows the charred remains of samples analyzed before and after leaching treatment. In all cases,
the paper samples coated with 2.2, 2.3, or MAP, as well as uncoated paper burned upon contact
with the Bunsen flame. Importantly, paper samples coated with MAP, 2.2, and 2.3 were not
completely consumed by the flame, and each showed a significant amount of charred residue.
The 2.2-coated and 2.3-coated paper samples continued to burn (machine and cross direction: 8
and 9 s, respectively) after the Bunsen flame was removed but extinguished themselves and
showed no glowing (Table 2.2). In contrast, uncoated paper samples sustained a flame for
slightly longer than coated samples (machine direction: 12 s; cross direction: 11 s) and continued
to glow for over 1 minute, stopping only after the paper had been completely consumed. These
results suggest that PMP-based polymers have good efficacy as flame retardants. However, they
did not perform quite at the level of paper coated with the commercial flame retardant MAP,
which ceased to burn even before the Bunsen flame was removed.
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Table 2.2: Summary of results obtained from the flame testing of coated paper samples by TAPPI standard method
T461 cm-00.

TAPPI T461 cm-00
Before leachinga
Sample

a

Flame time (s) Glow time (s)

After leachinga
Flame time (s)

Glow time (s)

LOI (%) pH of charb

Uncoated

12 (11)

102 (63)

-

-

19.6

10.5

2.2

8 (8)

0 (0)

9 (7)

0 (0)

23.1

4.9

2.3

9 (9)

0 (0)

17 (9)

0 (0)

25.9

5.2

MAP

0 (0)

0 (0)

13 (12)

133 (125)

34.7

4.0

Values outside of parentheses are in the machine direction, values inside are for the cross

direction.
b

Char residue was washed with 50 mL of water, and the pH measured.
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Figure 2.3: Photographs of charred remains of uncoated paper and paper samples coated with either polymers 2.2 or
2.3, or MAP after flame testing by TAPPI T461 cm-00. For coated paper samples, the top group shows samples that
had not been leached, while the bottom group shows samples that had been leached prior to flame testing.

After being immersed for 4 h in a bath of distilled water, paper sheets coated with 2.2
show similar flame times (machine direction: 9 s; cross direction: 7 s) compared with the
unleached samples (machine and cross directions: 8 s) (Table 2.2). Results for paper sheets
coated with 2.3 when cut in the cross direction also show this trend (unleached and leached: 9 s);
however, in the case of the 2.3-coated machine direction paper, the flame time increased by a
37

factor of nearly two (unleached: 9 s; leached: 17 s). In all cases, the leached polymer-coated
paper sheets had zero glow time and showed charring comparable with when no leaching had
been performed (Figure 2.3). In stark contrast to this, leached samples of MAP-coated sheets
show flame times (machine direction: 13 s; cross direction: 12 s) and glow times (machine
direction: 133 s; cross direction: 125 s) comparable with uncoated samples (flame time, machine
direction: 12 s; cross direction: 12 s; glow time, machine direction: 102 s; cross direction: 63 s),
indicating that all or nearly all of the MAP had been leached out. Although 2.2 and 2.3 are not
quite as effective as MAP as flame retardants, these results show that they are superior when it
comes to non-leachability when in contact with water. It is possible that the hydrophobicity of
PMPs is responsible for this non-leachability. It is also possible that PMPs may be rendered nonleachable through the chemical attachment of the P moieties to the functional groups of lignin
analogous to reactions observed previously for P(CH2OH)3.145, 146
The limiting oxygen index (LOI; ASTM D2863) results for coated paper samples
compared with uncoated paper are also shown in Table 2.2. Of course, uncoated paper is
flammable even at oxygen levels below the oxygen concentration in air (21%), as is shown by
the LOI of 19.6. All coated paper samples showed an increase in LOI compared with that of
uncoated paper. Paper samples coated with MAP showed the greatest LOI of 34.7, whereas
paper coated with 2.2 or 2.3 had LOIs of 23.1 and 25.9, respectively. These results are consistent
with those from TAPPI Standard Method T461 cm-00 in that while 2.2 and 2.3 are good flame
retardants, they are not as effective as MAP. The LOIs found for 2.2-coated and 2.3-coated paper
are similar to those described previously for molecular and polymeric P-based flame retardants
for cellulosic materials (e.g. cotton and rayon) when employed at similar loadings.97, 111, 113, 147, 148
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Whether a condensed or gas phase mechanism is involved, a key step in the operation of
phosphorus-based flame retardants involves the formation of phosphorus oxides and acids (e.g.
H3PO4).120, 135, 141 To gain insight into the operation of 2.2 and 2.3 as flame retardants for paper,
the char residues after burning were extracted into water, and
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P NMR spectroscopy of the

aqueous extract was performed. The spectrum is shown in Figure 2.4, and the observation of a
singlet resonance at approximately 0 ppm is consistent with the resonance of phosphoric acid (0
ppm when 85% in H2O). Additionally, the pH of an aqueous extract of the char of uncoated
paper was basic, whereas the pH of extracts of the char for all coated paper samples were acidic
(Table 2.2). Both of these observations are consistent with the formation of phosphorus oxides
and acids during the combustion process.

Figure 2.4: 31P{1H} NMR spectrum of the aqueous extract of charred residue of paper coated with polymer 2.2 after
testing by TAPPI T461 cm-00.

2.3

Summary
Polymers 2.2 and 2.3 are effective as polymeric phosphorus-based flame retardants for

paper made from TMP. The results clearly illustrate that 2.2 and 2.3 can promote the formation
of char and inhibit burning. Additionally, 2.2 and 2.3 were demonstrated to be non-leachable
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with respect to water. LOI measurements showed that 2.2 and 2.3 decrease the flammability of
paper. 31P NMR spectroscopic data and pH measurements are consistent with the hypothesis that
phosphoric acid may be generated during combustion of polymer-coated paper. TGA showed
that coated paper samples have a higher thermal stability than uncoated paper samples.

2.4

Experimental Section

2.4.1

General Procedures
All manipulations of air-sensitive and/or water-sensitive compounds were performed

using standard Schlenk or glovebox techniques under nitrogen atmosphere. Monobasic
ammonium phosphate (NH4H2PO4; MAP) was purchased from Aldrich (Oakville, Ontario) and
used as received. For the preparation of 2.2, THF was dried over sodium/benzophenone ketyl
and distilled prior to use. n-BuLi (1.6 M in hexanes) was purchased from Aldrich and titrated
prior to use. MesP=CPh2 (2.1) was synthesized in accordance with the literature procedures.149,
150

NMR spectra were recorded on Bruker Avance 300 MHz or 400 MHz spectrometers (Milton,

ON) at room temperature. Chemical shifts for 31P NMR spectra are reported relative to H3PO4 as
an external standard (85% in H2O, δ = 0).
Molecular weights were determined by gel permeation chromatography with multiple
angle light scattering (GPC-MALS) using a Waters liquid chromatograph (Milford, MA)
equipped with a Waters 515 high-performance liquid chromatography pump, Waters 717 plus
autosampler, Waters Styragel columns (4.6 × 300 mm; HR5E, HR4, and HR2), Waters 2410
differential refractometer, Wyatt tristar miniDAWN (Santa Barbara, CA) (laser light scattering
detector-690 nm), and a Wyatt ViscoStar viscometer. A flow rate of 0.5 mL min-1 was used, and
samples were dissolved in THF (approximately 2 mg mL-1).
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2.4.2

Synthesis of 2.2
Polymer 2.2 was prepared using a modification of the original procedure.127 In a

glovebox, a hexanes solution of n-BuLi (0.48 mL, 1.6 M, 0.77 mmol) was added to a stirred pale
yellow solution of 2.1 (16.3 g, 51.5 mmol) in THF (50 mL), resulting in an immediate color
change to deep red. The reaction mixture was stirred at room temperature. After several days, an
aliquot was removed from reaction mixture and analyzed by
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P NMR spectroscopy, which

showed that the signal assigned to 2.1 (233 ppm) was completely consumed and replaced by a
broad signal at -10 ppm. The reaction mixture was removed from the glovebox, and 2.2 was
isolated as a pale yellow solid by precipitation into hexanes (500 mL) in air. The polymer was
subsequently washed with additional hexanes (2 × 250 mL) and dried in vacuo. Yield = 14.9 g
(91%).
GPC-MALS: Mn = 27 000 g mol-1, PDI = 1.47; 31P{1H} NMR (162 MHz, THF): δ = 10
(br s). 1H and 13C{1H} NMR data are identical to those reported previously.129

2.4.3

Synthesis of 2.3
An aqueous solution of H2O2 (10 mL, 30 wt.%) was added slowly to a vigorously stirred

solution of PMP (7.0 g, 22 mmol) in dichloromethane (120 mL). The organic layer of the
reaction mixture was separated from the aqueous layer and dried with MgSO4. The product was
isolated as a pale yellow solid by precipitation into hexanes (500 mL). Yield = 4.5 g (61%).
GPC-MALS: Mn = 30 000 g mol-1, PDI = 1.24; 31P{1H} NMR (121 MHz, THF): δ = 45
(br s). 1H NMR data are available from previous work by Tsang et al.129
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2.4.4

Preparation of Coated Paper Samples
The paper used for all experiments was laboratory rectangle dynamic sheet former sheets

(basis weight = 200 g m-2) made from TMP produced in a pilot plant from black spruce chips
with a total energy input of 2468 kWh t-1.133 Sheet samples [70 mm × 210 mm for TAPPI
(Technical Association of Pulp and Paper Industry) T461 cm-00, 50 mm × 140 mm for limiting
oxygen index (LOI) measurements] were cut (with the machine-direction and cross-direction
noted) and conditioned at 23 °C and 50% humidity for 24 h. Each paper sample was weighed,
and the mass of flame retardant needed to achieve a loading of 0.8 mmol P g-1 of paper was
measured and dissolved in dichloromethane (2.2 or 2.3) or in H2O (for MAP). For 70 mm × 210
mm samples, 10 mL of solvent was used, and for 50 mm × 140 mm samples, 5 mL of solvent
was used. The flame retardant solution was then added dropwise using a Pasteur pipet to evenly
coat both sides of the paper sample. The samples were conditioned at 23 °C and 50% humidity
for 48 h prior to testing. The paper samples were weighed to confirm that the desired loading of
flame retardant was achieved. In a typical preparation, 70 mm × 210 mm paper (2.94 g) was
coated with a solution of 2.3 (0.68 g, 2.1 mmol P) in dichloromethane (10 mL). After solvent
evaporation and conditioning, the actual mass of the coated paper was 3.61 g (expected = 3.62
g).

2.4.5

Thermogravimetric Analysis
Thermogravimetric analyses (TGAs) under air were performed on a Perkin Elmer

(Waltham, MA) Pyris 6 Thermogravimetric Analyzer, while TGAs under nitrogen were
performed on a Perkin Elmer STA 6000 Simultaneous Thermal Analyzer. Discs 1/8 in. (~3 mm)
in diameter were cut with a hole punch from samples treated as outlined in Section 2.4.4. In each
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experiment, five discs (approximately 12 mg) were heated from 30 to 870 °C at a rate of 10 °C
min-1.

2.4.6

Flame Testing by TAPPI T461 cm-00
Testing followed the procedure outlined in TAPPI Standard Method T461 cm-00, using

an apparatus fabricated according to the specifications given in the standard method. The paper
sample to be tested (prepared as outlined in Section 2.4.4) was suspended such that the lower
edge would be 19 mm above the top of a Bunsen burner inside the testing chamber. The burner
was lit, and the flame adjusted to a height of 40 mm. With the door of the testing chamber
closed, the burner was positioned using an external handle such that the flame was directly in the
middle of the sample. The flame was held in contact with the sample for 12 s and then
withdrawn. After the burner was withdrawn, the flame time (time the sample continued to sustain
a flame) and glow time (time the sample continued to have glowing embers) were measured. The
sample was removed from the chamber and photographed. The sample was then tapped to
remove brittle or loose char then photographed again.

2.4.7

Leaching Testing by TAPPI T461 cm-00
The leaching of paper samples followed the procedure outlined in the TAPPI Standard

Method T461 cm-00. Coated paper samples were placed in a 2000 mL beaker covered with
metal mesh. Distilled water was delivered through a glass tube passing through a small hole in
the mesh to the bottom of the beaker until the beaker was filled, thereby completely submerging
the paper samples. The water flow was maintained for 4 h, at which time the paper samples were
removed, blotted dry, and conditioned at 23 °C and 50% humidity for 48 h before testing.
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2.4.8

Limiting Oxygen Index
Testing was performed using a Govmark OI-1 Oxygen Index Module following

American Society for Testing and Materials (ASTM) Standard Test Method D2863. Zero-grade
oxygen and nitrogen purchased from Praxair (Mississauga, ON) were used. The top of the
sample (prepared as outlined in Section 2.4.4) was lit evenly using a natural gas burner. If the
flame burned for longer than 180 s or if the flame traveled more than 80 mm before
extinguishing, it was marked as an ‘X’ response. If neither of these criteria were met, it was
marked as an ‘O’ response. Using these criteria, identically prepared samples were tested under
different oxygen atmospheres until two values separated by 1% oxygen content were found to
have opposite responses. Next, the oxygen concentration was increased by 0.2% starting at the
value of the opposite pair that gave the ‘O’ response, measuring the response at each increment.
The oxygen concentration at which the response changes to an ‘X’ response was taken as the
preliminary oxygen index. This value was fine-tuned by measuring the reproducibility of five
additional samples at oxygen concentrations close to the preliminary oxygen index.

2.4.9

Analysis of Char Residue
For pH measurements, 50 mL of water was stirred for 30 min with the char remaining

from the TAPPI T461 cm-00 test, and the pH recorded. For NMR analysis, a mixture of char and
10 mL of water was boiled for 2 h. Once cool, an aliquot of the aqueous phase was removed for
analysis.
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Chapter 3: An Addition-Isomerization Mechanism for the Anionic
Polymerization of Phosphaalkenes

3.1

Introduction
The addition polymerization of C=C bonds, one of the most important methods for the

synthesis of polymeric materials, typically involves the regio-regular head-to-tail addition of
monomers to a propagating radical, anion or cation. For radical or cationic polymerization, less
common side reactions such as hydrogen transfer are important as they lead to termination, chain
transfer, or chain branching (Figure 3.1).151 In comparison, regular hydrogen transfers during
anionic polymerization are exceedingly rare. A classic example is acrylamide, which
polymerizes through the amide functionality, after proton transfer, to afford a polypeptide.152
Vinyl-substituted organosilanes have also been reported to undergo intramolecular proton
transfer during anionic polymerization,153 however the regularity of the isomerization appears to
be highly dependent on the monomer and reaction conditions.154
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Figure 3.1: Common hydrogen transfer processes during radical polymerization (top); proposed C-H activation step
during the radical polymerization of phosphaalkene 3.1a.

As an entrance into the broad field of inorganic-organic hybrid polymers with unique
properties,155 particularly those containing phosphorus,156 we have been interested in the
extension of addition polymerization to heteroatom-containing multiple bonds. In particular, the
close analogy between P=C and C=C bonds,130 has led us to explore the addition polymerization
of phosphaalkenes.125-129,

157-160

Recently, we have reported that polymers resulting from the

radical polymerization of phosphaalkenes possess unexpected C-H activated microstructures.125,
159, 160

Unlike other examples of hydrogen transfer polymerizations which isomerize in order to

stabilize the propagating species, the radical formed after addition to the P=C bond (A) appears
to be forced by steric constraints into a less stable isomer (B) in order for propagation to occur.
The repeat unit resulting from simple addition has not been detected, suggesting that the
isomerization is highly regular. Evidence for this backbone structure has also been observed in
anion-initiated phosphaalkene polymers,158 however given the unprecedented nature of this
microstructure within the context of anionic polymerization as well as our interest in the living
46

anionic polymerization of phosphaalkenes,126,

127

a more thorough investigation was needed.

Interestingly, a proton transfer of this type has been proposed to explain observed irregularities
during the living anionic polymerization of MesC=CH2, however no structural evidence has been
reported.161
Herein we report the regio-regular anionic addition-isomerization polymerization of a
P=C bond, for which there is no parallel in olefin polymerization. Specifically, we show through
molecular modelling, spectroscopic analysis, and theoretical calculations that the anionic
polymerization of phosphaalkenes ArP=CPh2 (Ar = 2,4,6-trimethylphenyl, Mes; 2,6dimethylphenyl, Xyl) proceeds via an isomerization step before monomer addition, yielding a CH activated polymeric microstructure.

3.2
3.2.1

Results and Discussion
Model Reactivity Studies with a Large Electrophile
We have previously studied the reactions of electrophiles (E+) with the carbanion 3.2a,

derived from the addition of MeLi to 3.1a (Scheme 3.1).162 In all cases, the product was
MesP(Me)–CPh2E [E = H, Me, P(NEt2)2, SiMe3, SiMe2H]. Despite this, we hypothesized that
bulkier electrophiles such as E = Trt (Trt = triphenylmethyl) might favour the C-H activated
product, thereby mimicking the microstructure observed in the radical-initiated polymerization.
In addition to phosphaalkene 3.1a used in previous studies, we also chose to investigate
phosphaalkene 3.1b163, 164 in order to rule out possible intermolecular reactions involving the pCH3 of the mesityl group.
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Scheme 3.1: Synthesis of 3.3a-b from phosphaalkenes 3.1a-b.

The addition of MeLi (1 equiv) in diethyl ether to pale yellow solutions of
phosphaalkenes 3.1a-b in toluene at -78 °C afforded dark red solutions of carbanions 3.2a-b
(Scheme 3.1).162 Upon addition of a solution of Trt-Cl in toluene, the reaction mixture
immediately changed colour to yield an orange solution with a white precipitate. The reaction
progress could be monitored by 31P NMR spectroscopy. Using the mesityl-substituted species as
an example, immediately after the addition of Trt-Cl the resonance corresponding to carbanion
3.2a (-47 ppm) could no longer be observed, with two new resonances (-18 and -38 ppm) in its
place (Figure 3.2). Over three days these two intermediates were gradually consumed to form a
single product (-26 ppm), assigned to 3.3a. The 1H NMR spectrum of crude 3.3a contained a
sharp doublet (4.73 ppm), which was assigned to the P-CHPh2 proton after comparison to the
previously synthesized Mes(Me)P-CHPh2.162 Additionally, two new signals (5.11 and 3.72 ppm)
were observed and assigned as diastereotopic CH2 protons with the aid of two-dimensional NMR
experiments.
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In the analogous reaction with 3.2b, the addition of Trt-Cl yielded one intermediate (-36
ppm), which was gradually consumed to form 3.3b (-24 ppm). This difference in the number of
intermediates implies that the intermediate only observed in the reaction with 3.1a (-18 ppm)
somehow involves the p-Me group. One possibility is that this intermediate is a species with a pCH2- carbanion, the product of an intermolecular proton transfer between two equivalents of
3.2a. However, given that neither the second product formed from an intermolecular proton
transfer [Mes(Me)P-CHPh2] nor the product of a reaction between p-CH2- carbanion and Trt-Cl
are observed, this intermediate is most likely not a p-CH2- carbanion.
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Figure 3.2: 31P{1H} NMR (162 MHz, toluene, 298 K) spectra of the conversion of 3.2a to 3.3a: a) 3.2a, before
addition of Trt-Cl. b) Immediately after addition of Trt-Cl at -78 °C followed by warming to room temperature. c)
72h after addition of Trt-Cl.
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Figure 3.3: Molecular structure of 3.3a (top) and 3.3b (bottom). Thermal ellipsoids are shown at a 50% probability
level, all hydrogen atoms except H29 are omitted for clarity.

Crystals of 3.3a and 3.3b suitable for X-ray diffraction were obtained by the slow
evaporation of toluene solutions (Figure 3.3). In both cases, a new C–C bond was formed
between a trityl and an o-CH2 substituent. Although the two products crystallized in different
space groups (3.3a: P-1; 3.3b: P21/n), the metrical parameters are in close agreement with one
another. The new C-C bond (C8-C9) lengths are slightly longer (3.3a: 1.576(6) Å; 3.3b: 1.587(2)
Å) than typical carbon-carbon single bonds (~1.54 Å),165 indicative of the strain induced by the
51

bulky trityl group. For comparison, the structure of Mes(Me)P–CPh2Trt was calculated by
density functional theory. The CPh2–Trt bond length was found to be 1.707 Å, comparable to the
range of calculated bond lengths for the unobtainable compound hexaphenylethane (1.702-1.791
Å).166 The strain induced by the bulky trityl group is also apparent from the C6-C8-C9 bond
angle [3.3a: 117.2(3)°; 3.3b: 118.2(1)°], significantly deviated from the typical bond angle for an
sp3 carbon (109.5°).

3.2.2

Synthesis of Polymers 3.4a-b
Phosphaalkene 3.1a is known to undergo living anionic polymerization,127 however the

microstructure of the polymer was initially assigned as resulting from a simple addition
mechanism. Given the ability of anion 3.2a to undergo C-H activation with large electrophiles,
the microstructure of this polymer, as well as that for the novel polymer resulting from
phosphaalkene 3.1b, bears re-examination. Polymers 3.4a-b were therefore synthesized by the
addition of n-BuLi (2 mol%, 1.6 M in hexanes) to a THF solution of the corresponding
phosphaalkene (Scheme 3.2). The progress of the reaction was monitored by

31

P NMR

spectroscopy. Upon completion of the reaction, methanol was added to terminate the
polymerization. Both polymers were precipitated into hexanes and isolated as pale yellow
powders.
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Scheme 3.2: Synthesis of polymers 3.4a-b from phosphalkenes 3.1a-b.

The molecular weights of polymers 3.4a-b were determined by gel permeation
chromatography (GPC). In contrast to the close agreement between the calculated and measured
values of Mn for 3.4a, the measured molecular weights of 3.4b were consistently lower than
expected (Table 3.1). This is most likely due to trace amounts of oligomeric species leading to
tailing in the GPC trace, as the values of Mp match calculated Mn values much better. The PDI
values for different samples of 3.4b, while low (1.13-1.20), were generally higher than is typical
for anion-initiated phosphaalkene polymerizations.
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Table 3.1: Summary of results obtained from the anionic polymerizations of phosphaalkenes.

Entry Monomer [M]:[I]a

a

Mn calcb Mn measc Mp measc
PDI
(g mol-1) (g mol-1) (g mol-1)
15900
13800
16700
1.10

1

3.1a

50:1

2

3.1b

25:1

7600

5700

6900

1.18

3

3.1b

30:1

9100

6200

7500

1.17

4

3.1b

35:1

10600

7000

9400

1.20

5

3.1b

43:1

13100

11400

15000

1.13

6

3.1b

50:1

15200

10700

14300

1.17

7
d9-3.1a
50:1
16400
10000
9000
1.08
b
c
[3.1a-b]:[n-BuLi]; Calculated using the monomer-to-initiator ratio; Absolute molecular

weights were determined using triple detection GPC. (dn/dc: 3.4a = 0.239; 3.4b = 0.254,
determined by direct measurement).

3.2.3

Microstructure Analysis by NMR Spectroscopy
The microstructure of polymers 3.4a-b was probed by undertaking detailed solution

NMR spectroscopic studies. In the 1H-13C HSQC NMR spectrum of polymers 3.4a-b, in addition
to the expected correlations assigned to aromatic C-H groups and CH3 groups, two additional
correlations assigned to –CHPh2 and –CH2– moieties were observed (3.4a: Figure 3.4). These
assignments were confirmed through a

13

C APT NMR experiment. Due to the similarity of the

NMR spectra of 3.4a and 3.4b to those of polymers made by radical initiation it is concluded that
these polymers are best represented by the microstructure shown in Scheme 3.2 (where x >> y).
The microstructure represented by y has never been directly observed, yet it would be
presumptuous to assume y = 0 due to the challenge of spectroscopically detecting small structural
deviations in polymers.
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Figure 3.4 1H-13C HSQC NMR spectrum (600 MHz for 1H, CDCl3, 298 K) of polymer 3.4a. The ordinate shows the
13

C APT NMR spectrum and the abscissa shows the 1H NMR spectrum.

3.2.4

DFT Calculations of Polymerization Mechanism
In light of these results, an intramolecular isomerization mechanism is postulated in

which the addition of n-BuLi to 3.1a forms anion I, which then undergoes C-H activation to
generate anion II (Figure 3.5). Propagation occurs by the addition of anion II to another
molecule of 3.1a, yielding dimer IV. In contrast, a simple addition mechanism would involve the
addition of anion I to another molecule of 3.1a to yield dimer III.
DFT was therefore used to gain further understanding of the feasibility of the proposed
reaction pathways. The geometries of I-IV and 3.1a were optimized using the B3LYP functional
and 6-31G*+ basis set (Figure 3.5). Single point energy calculations were performed using the
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B97D3 functional and 6-311G**++ basis set, in addition to a solvation correction (in THF, ε =
7.52).

Figure 3.5: Computed intermediates postulated in the mechanisms for the formation of III or IV from I. Energies
are electronic energies/free energies in kcal mol-1.
a

Electronic energies are only provided due to computational expense of frequency calculation on a large system.

As calculated by DFT, dimer IV was found to be significantly lower in energy than dimer
III (ΔE° = -15.8 kcal mol-1 vs +4.4 kcal mol-1). The high energy of dimer III is most likely due
to steric strain induced by the hindered Ph2C moiety, which is reflected experimentally by the
inability of anions of type I to react with relatively bulky electrophiles such as Trt-Cl. Thus,
despite anion II being higher energy than anion I by +12.1 kcal mol-1, overall the formation of
IV is exergonic by 15.8 kcal mol-1, supporting the experimentally determined microstructure.
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3.2.5

Kinetic Studies and Isotopic Labelling
The kinetics of the anionic polymerization of 3.1b were studied by monitoring the

progress of the reaction by 31P NMR spectroscopy in a manner identical to previously reported
experiments for 3.1a (Figure 3.6).157 The polymerization rate constants for phosphaalkene 3.1b
were comparable to 3.1a (Entries 1-6, Table 3.2). The activation energy (Ea) for the anionic
polymerization of 3.1b was estimated using this data, and was also found to reasonably match
that of 3.1a (3.1a: 14.0 ± 0.9 kcal mol-1;157 3.1b: 15.6 ± 2.8 kcal mol-1). These activation barriers
are also supported computationally, as a transition state for the C-H activation (TSI-II) was
calculated using DFT (ΔG‡ = 17.3 kcal mol-1).

Figure 3.6: Graph showing linear portion of ln [M]0/[M] vs time (h) plots for the anionic polymerization of 3.1a-b
and d9-3.1a with 2% n-BuLi at ~322 K in glyme. The plots for 3.1b and d9-3.1a were used to determine the rate
constants given in Table 3.2.
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Table 3.2: Determination of kp values for the anionic polymerization of phosphaalkenes 3.1a-b and d9-3.1a.

a

Entry

Ma

1

3.1b

kpb
kpc
M T (K)
-1 -1
(L mol h )
(L mol-1 h-1)
298.6 22.2 ± 2.6 3.1a 296.3 21.0 ± 2.5

2

3.1b

301.0

40.1 ± 4.7

3.1a 301.8

32.7 ± 3.9

3

3.1b

306.2

69.0 ± 8.2

3.1a 307.4

41.8 ± 4.9

4

3.1b

311.3

127 ± 15

3.1a 313.0

70.7 ± 8.9

5

3.1b

316.6

145 ± 18

3.1a 318.6

125 ± 15

6

3.1b

321.9

152 ± 23

3.1a 324.2

150 ± 17

T (K)

7
d9-3.1a 321.9
6.6 ± 1.2
b
[M]:[I] = 50:1 in all cases. Rate constant of propagation. cReproduced from literature.157

Given the high activation energy observed for the C-H activation, this step is postulated
to be rate-limiting. Therefore, a significant kinetic isotope effect (KIE) would be expected for the
anionic polymerization of d9-3.1a (Scheme 3.3). To this end, phosphaalkene d9-3.1a was
synthesized from d9-mesitylene167 and its polymerization attempted. In contrast to 3.1a, the
reaction of a THF solution of d9-3.1a with n-BuLi (2 mol%, 1.6 M in hexanes) at room
temperature did not yield any polymeric material. Despite this, polymer d9-3.4a could eventually
be synthesized by conducting the polymerization in glyme at 50 °C, and stirring for 24 hours
(Scheme 3.3). Although the isolated yield was low (10%), the conversion as measured by

31

P

NMR was approximately 90%. The molecular weight was determined by GPC, and was found to
closely match the calculated value with a low PDI (Entry 7, Table 3.1).
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Scheme 3.3: Anionic polymerization of the deuterated phosphaalkene d9-3.1a to yield polymer d9-3.4a.

While the

31

P and

13

C NMR spectra of d9-3.4a resembled those for 3.4a, the 1H NMR

spectrum (Figure 3.7c) differed from those for polymers 3.4a-b (Figure 3.7a and b, respectively)
due to the lack of aliphatic protons. Instead, only resonances corresponding to the aromatic
protons are observed. These aliphatic signals are instead seen in the 2H{1H} NMR spectrum
(Figure 3.7d), though with the poorer resolution typical for 2H NMR spectroscopy.
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Figure 3.7: a) 1H NMR spectrum (600 MHz, CDCl3, 298 K) of polymer 3.4a. b) 1H NMR spectrum (600 MHz,
CDCl3, 298 K) of polymer 3.4b. c) 1H NMR spectrum (600 MHz, CDCl3, 298 K) of polymer d9-3.4a. d) 2H{1H}
NMR spectrum (92 MHz, CHCl3, 298 K) of polymer d9-3.4a.

Kinetic experiments were also performed for d9-3.1a (Figure 3.6; Entry 7, Table 3.2),
leading to an apparent kinetic isotope effect of 23. Although this is clearly a significant KIE, it is
important to note that the sensitivity of the anion of the growing polymer chain at 50 °C
combined with the long reaction time may have led to partial quenching during the
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polymerization. This would lead to a lower concentration of growing chain in solution, lowering
the overall rate. Thus, the apparent kp is likely an under-estimation. Additionally, quantum
tunnelling is known to sometimes lead to higher than expected KIE values, however, it is not
clear if this is the case for d9-3.1a. Nevertheless, it is apparent that the kinetic isotope effect is
significant, indicating that the C-H activation is the rate-limiting step in the anionic
polymerization of 3.1a.

3.3

Summary
Carbanions generated from phosphaalkenes 3.1a and 3.1b were reacted with Trt-Cl to

yield the C-H activated products 3.3a and 3.3b, respectively. Phosphaalkenes 3.1a and 3.1b were
also polymerized by anionic initiation, and the isolated polymers (3.4a-b) were shown to have
microstructures resulting from an isomerization mechanism. Theoretical calculations using DFT
supported this mechanism over a simple addition mechanism, with the C-H activation as the ratelimiting step. Isotopic labelling studies in which the deuterated phosphaalkene d9-3.1a was
anionically polymerized to form polymer d9-3.4a revealed a kinetic isotope effect of 23, also
suggesting that C-H activation is the rate-limiting step.
3.4
3.4.1

Experimental
X-ray Crystallography
The single crystals of 3.3a-b were immersed in oil and mounted on a glass fiber. Data

was collected on a Bruker X8 APEX II diffractometer with graphite-monochromated Mo Kα
radiation. The structure was solved by direct methods and subsequent Fourier difference
techniques. All non-hydrogen atoms were refined anisotropically with hydrogen atoms being
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included in calculated positions but not refined. The data set was corrected for absorption effects
(SADABS), Lorentz, and polarization effects. All calculations were performed using SHELXL2014 crystallographic software package from Bruker AXS. Additional crystal data and details of
data collection and structure refinement are listed in Table 3.3.
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Table 3.3: X-ray crystallographic data of 3.3a and 3.3b

Crystal
3.3a
3.3b
Formula
C42H39P
C41H37P
Formula Weight
574.73
560.71
Crystal System
Triclinic
Monoclinic
Space Group
P -1
P 21/n
Colour
Colourless
Colourless
a (Å)
9.879(1)
12.623(7)
b (Å)
12.342(1)
15.37(1)
c (Å)
15.455(2)
16.56(1)
α (°)
104.703(5)
90
β (°)
101.120(5)
102.68(1)
γ (°)
112.177(4)
90
3
V (Å )
1597.8(3)
3133(3)
Z
2
4
T (K)
90(2)
90(2)
-1
µ (Mo Κα) (mm )
0.115
0.115
Crystal Size (mm)
0.21 x 0.15 x 0.19
0.42 x 0.26 x 0.15
-3
Dcalcd. (g cm )
1.192
1.189
2Θ (max) (°)
60.2
59.5
No. of Reflections
24398
36584
No. of Unique Data
24848
8385
Rint
0.0766
0.0381
Reflections/parameters ratio 18.1
23.4
a
R1, wR2[I > 2σ(I)]
0.1077
0.0459
b
R1, wR2 (all data)
0.2368
0.1269
GOF
1.376
1.025
a
b
2
2 2
2 2 1/2
R1 = Σ ||Fo| - |Fc|| / Σ|Fo|. wR2 = [Σ (w(Fo – Fc ) )/Σ w(Fo ) ]

3.4.2

General Procedures
All manipulations of air- and/or water-sensitive compounds were performed under a

nitrogen atmosphere using standard Schlenk or glovebox techniques. 1H,

31

P and

13

C NMR
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spectra were recorded on Bruker Avance 300 MHz, 400 MHz or 600 MHz spectrometers at room
temperature unless otherwise specified. Chemical shifts are reported relative to: residual CHCl3
(δ = 7.26 for 1H), C6D5H (δ = 7.16 for 1H); 85% H3PO4 as an external standard (δ = 0.0 for 31P);
CDCl3 (δ = 77.0 for

13

C). Mass Spectra were acquired using Kratos MS 50 instrument in EI

mode (70 eV). Elemental analyses were performed in the University of British Columbia
Chemistry Microanalysis Facility. Polymer molecular weights were determined by triple
detection gel permeation chromatography (GPC–MALS) using an Agilent liquid chromatograph
equipped with an Agilent 1200 series isocratic pump, Agilent 1200 series standard autosampler,
Phenomenex Phenogel 5µm narrow bore columns (4.6 x 300 mm) 104 Å (5000-500000), 500 Å
(1000-15000), and 103 Å (1000-75000), Wyatt Optilab T-rEx (refractive index detector, λ = 658
nm, 40 oC), Wyatt miniDAWN (laser light scattering detector, λ = 690 nm) and a Wyatt
ViscoStar viscometer. A flow rate of 0.5 mL min-1 was used and samples were dissolved in THF
(ca. 1.5 mg ml-1). The dn/dc of 3.4b was determined to be 0.2538 using a Wyatt Optilab T-rEx
refractive index detector (λ = 658 nm).
Hexanes and toluene were deoxygenated with nitrogen and dried by passing the solvents
through a column containing activated basic alumina. THF and glyme were freshly distilled from
sodium/benzophenone ketyl before use. Methanol was degassed prior to use. Benzophenone
(Aldrich) was sublimed prior to use. MeLi (1.6 M in diethyl ether), n-BuLi (1.6 M in hexanes),
trityl chloride, and chlorotrimethylsilane were purchased from Aldrich and used as received.
3.1a149,

150

and XylP(SiMe3)2168 were prepared according to adapted literature procedures. d9-

3.1a was prepared in the same manner, however, starting from d9-mesitylene which was prepared
according to a literature procedure.167 Kinetics studies performed following a literature
procedure.157
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3.4.3

Computational details
Density functional theory calculations were performed in Gaussian 09 (Revision D.01).169

Initial geometry optimizations were performed using the 6-31G*+ basis set and the B3LYP
functional (denoted as BS1).170, 171 Frequency calculations were used to confirm the identity of
minima (no negative eigenvalues) and transition states (1 negative eigenvalue) using BS1. Single
point energy calculations were used to calculate enthalpy for the geometries using the 6311G**++ basis set on all atoms and the B97D3 functional. Additionally, solvation corrections
were implemented using the Polarizable Continuum Model172 using tetrahydrofuran (ε=7.43) as
solvent. Frequency calculations were used to use free energies (G°) where possible (systems less
than 70 atoms) and are noted in text. Single point energies calculations were rerun with the
wB97XD and CAM-B3LYP173 functionals but showed a marginally higher transition state
energy for TSI-II. Optimizing the ground state geometries using the 6-31G*+ basis set had little
to no change in substrate conformation.

3.4.4

Preparation of 3.1b
To a stirred solution of XylP(SiMe3)2 (6.35 g, 22.5 mmol) in THF (30 mL), MeLi (14.8

mL, 23.6 mmol, 1.6 M in Et2O) was added. The resulting yellow solution was heated to 55 °C
for 1.5 h. Upon cooling to -78 °C, a solution of benzophenone (4.10 g, 22.5 mmol) in THF (20
mL) was added, giving a dark red solution. After stirring for 30 min the reaction mixture was
warmed to room temperature. After stirring for an additional 30 min, the reaction was again
cooled to -78 °C and chlorotrimethylsilane (3.7 mL, 29 mmol) was added, followed by stirring
for 30 min. Upon warming to room temperature and stirring for an additional 30 min, the color
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of the solution turned from dark red to yellow. All volatiles were removed in vacuo, and hexanes
(3 × 30 mL) was added to the resulting oil followed by filtration and solvent removal in vacuo.
The crude product was distilled under vacuum and subsequently recrystallized from hexanes to
yield a crystalline yellow solid. Yield: 2.86 g (42%).
31

P{1H} NMR (162 MHz, CDCl3): δ = 231 (s); 1H NMR (400 MHz, CDCl3): δ = 7.62-

6.91 (m, 13H, Ar-H), 2.36 (s, 6H, Ar-CH3); 13C{1H} NMR (151 MHz, CDCl3): δ = 193.8 (d, 1JPC
= 43 Hz, P=C), 144.8 (d, 2JPC = 24 Hz), 143.2 (d, 2JPC = 14 Hz), 140.6 (d, 2JPC = 7 Hz), 140.0 (d,
1

JPC = 44 Hz), 129.1 (s), 129.0 (s), 128.7 (m), 128.6 (s), 128.4 (s), 127.9 (s), 127.7 (s), 127.6 (s),

127.5 (s), 127.4 (s), 22.5 (d, 3JPC = 9 Hz). Anal. Calcd. for C21H19P: C, 83.44; H, 6.29. Found: C,
83.65; H, 6.36.

3.4.5

Preparation of 3.3a
To a stirred solution of 3.1a (0.790 mmol) in toluene (3 mL) at -78°C, MeLi (1.6 M in

diethyl ether, 0.50 mL, 0.800 mmol) was added. Upon warming, the solution became a deep red
colour.

31

P NMR analysis of this solution showed complete consumption of the phosphaalkene

starting material indicated by the absence of a resonance corresponding to the starting material
(234 ppm). Instead a broad singlet (-46 ppm) could be observed, assigned to 3.2a. The reaction
mixture was once again cooled to -78°C, at which time a solution of Trt-Cl (0.176 g, 0.806
mmol) in toluene (1 mL) was added. Upon warming the reaction became cloudy and orange. 31P
NMR analysis of this solution showed none of the resonance assigned to 3.2a but instead two
broad singlet resonances (-18 and -38 ppm) in approximately a 1:3 ratio. After three days of
stirring at room temperature,

31

P NMR analysis showed almost complete conversion to a new

broad singlet resonance (-26 ppm). The reaction mixture was filtered through glass microfiber
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paper and all volatiles removed under vacuum to give the crude product as an orange-red solid.
Crude yield: 0.320 g (87% when taking into consideration amounts removed for NMR analysis).
In a separate reaction done on a larger scale (5 mmol of 3.1a), immediately after the addition of
Trt-Cl and warming the reaction was filtered and an aliquot removed. From this aliquot, after
slow evaporation of the toluene, crystals suitable for X-ray analysis were isolated. These crystals
were also used for characterization.
31

P{1H} NMR (121.5 MHz, CD2Cl2): δ = -26 (s); 1H NMR (400 MHz, CD2Cl2): δ = 7.51

(d, 2H, J = 7 Hz, Ar-H), 7.34-7.11 (m, 23H, Ar-H), 6.76 (s, 1H, Ar-H), 6.43 (m, 1H, Ar-H), 5.10
(dd, 1H, 2JHH = 15 Hz, 4JPH = 10 Hz, -CHH-), 4.73 (d, 1H, 2JPH = 5 Hz, P-CHPh2), 3.72 (d, 1H,
2

JHH = 15 Hz, -CHH-), 2.56 (s, 3H, o-CH3), 1.90 (s, 3H, p-CH3), 0.89 (d, 3H, 2JPH = 6 Hz, P-

CH3); 13C{1H} NMR (101 MHz, CD2Cl2): δ = 147.7 (s), 146.7(s), 143.7(s), 143.6 (d, J = 13 Hz),
143.0 (d, J = 12 Hz), 138.1 (s), 132.7 (d, J = 24 Hz), 130.9 (s), 130.7(s), 130.0 (s), 129.7 (d, J = 5
Hz), 129.5 (s), 129.4 (s), 129.3 (s), 129.2 (s), 129.2 (s), 129.0 (s), 128.9 (s), 128.9 (s), 128.6 (s),
128.0 (s), 127.0 (d, J = 2 Hz), 126.7 (d, J = 2 Hz), 126.4 (s), 59.0 (s, CPh3), 52.2 (d, 3JPH = 16 Hz,
-CH2-), 44.3 (d, 1JPC = 34 Hz, P-CHPh2), 23.5 (d, 3JPC = 5 Hz, o-CH3), 21.1 (s, p-CH3), 9.7 (d,
1

JPC = 10 Hz, P-CH3); LRMS (ESI-TOF) m/z: 575.5 [M+H]+; Anal. Calcd for C42H39P: C, 87.77;

H, 6.84 Found: C, 87.52; H, 6.80.

3.4.6

Preparation of 3.3b
Procedure followed the previous procedure but using 3.1b. Yield: 2.21 g (79%).
31

P{1H} NMR (162 MHz, CDCl3): δ = -24 (s); 1H NMR (400 MHz, CDCl3): δ = 7.49 (d,

J = 8 Hz, 2H, Ar-H), 7.34-7.05 (m, 23H, Ar-H), 6.90 (d, J = 8 Hz, 1H, Ar-H), 6.75 (t, J = 8 Hz,
1H, Ar-H), 6.61 (m, 1H, Ar-H), 5.01 (dd, 2JHH = 15 Hz, 4JPH = 10 Hz, 1H, -CHH-), 4.67 (d, 2JPH
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= 3 Hz, 1H, P-CHPh2), 3.66 (d, 2JHH = 15 Hz, 1H, -CHH-), 2.56 (s, 3H, Ar-CH3), 0.90 (d, 2JPH =
6 Hz, 3H, P-CH3); 13C{1H} NMR (101 MHz, CDCl3): δ = 147.1 (s), 142.1 (d, J = 26 Hz), 143.3
(s), 142.8 (s), 142.7 (s), 142.1 (d, J = 12 Hz), 136.1 (s), 135.9 (s), 130.7 (s), 130.3 (s), 129.6 (s)
129.5 (s), 129.2 (s), 129.1 (s), 128.7 (s), 128.5 (s), 128.5 (s), 128.3 (d, J = 6 Hz), 128.1 (s), 127.5
(s), 126.6 (s), 126.5 (s), 126.2 (s), 125.9 (s), 58.6 (s, -CPh3), 51.8 (d, 1JPC = 34 Hz, P-CHPh2),
44.0 (d, 3JPC = 17 Hz, -CH2-), 23.4 (d, 3JPC = 5 Hz, Ar-CH3), 9.7 (d, 1JPC = 21 Hz, P-CH3); LRMS
(EI) m/z: 560 [M+]; Anal. Calcd. for C41H37P: C, 87.86; H, 6.61 Found: C, 87.94; H, 6.75.

3.4.7

Preparation of 3.4a
Procedure followed an adapted literature procedure.127 To a stirred solution of 3.1a (5 g,

15.8 mmol) in THF (20 mL) at room temperature, n-BuLi (0.21 mL, 0.316 mmol, 1.5 M in
hexanes) was added. The conversion of 3.1a (234 ppm) to 3.4a (-10 ppm) was monitored by 31P
NMR. Upon complete conversion, the reaction mixture was quenched with 3-4 drops of
degassed methanol, and added dropwise to hexanes (3 x 100 mL) to precipitate the product.
Yield: 3.85 g (77%).
GPC-LLS (THF): Mn = 17 000 g mol-1, PDI = 1.05. 31P{1H} NMR (162 MHz, CDCl3): δ
= -10 (br); 1H NMR (600 MHz, CDCl3) δ = 7.2 (br, Ar-H), 4.8 (br, P-CHPh2), 3.6 (br, -CH2-),
2.3 (br, Ar-CH3);

13

C{1H} NMR (151 MHz, CDCl3) δ = 147 (br), 143 (br), 138 (br), 128 (br),

126 (br), 52 (br, P-CHPh2), 32 (br, -CH2-), 23 (br, Ar-CH3), 21 (br, Ar-CH3).

3.4.8

Preparation of 3.4b
To a stirred solution of 3.1b (0.488 g, 1.62 mmol) in THF (1.5 mL), n-BuLi (45.0 µL,

64.6 µmol, 1.44 M in hexanes) was added. After 22 h the signal corresponding to the monomer
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(δ = 231) was consumed and replaced by a broad signal (δ = -11). The reaction was quenched by
addition of five drops of degassed methanol, turning the dark red solution reaction mixture
yellow. The product was purified by repeated precipitation with dry hexanes (3 x 50 mL) and
was isolated as a pale yellow powder. Yield: 0.351 g (72%).
GPC-LLS (THF): Mn = 6700 g mol-1, PDI = 1.14. 31P{1H} NMR (162 MHz, CDCl3): δ =
-11 (br); 1H NMR (600 MHz, CDCl3): δ = 7.2 (br, Ar-H), 5.0 (br, P-CHPh2), 3.5 (br, -CH2-), 2.7
(br, Ar-CH3); 13C{1H} NMR (600 MHz, CDCl3): δ = 147 (br), 142 (br), 129 (br), 128 (br), 126
(br), 52 (br, P-CHPh2), 32 (br, -CH2-), 25 (br, Ar-CH3), 23 (br, Ar-CH3).

3.4.9

Preparation of d9-3.4a
To a stirred solution of d9-3.1a (0.25 g, 0.790 mmol) in glyme (2 mL) at 50 °C, n-BuLi

(10 µL, 0.0158 mmol, 1.6 M in hexanes) was added. The reaction was monitored over the course
of seven days by 31P NMR, at which point the reaction appeared to reach maximum conversion
(~90%). The reaction was quenched with degassed MeOH (5 drops), and precipitated with
hexanes (30 mL). After filtration, the crude product was dissolved in DCM (5 mL), and the
precipitation/filtration procedure repeated twice more to yield a pale yellow powder. Yield: 25
mg (10%).
GPC-LLS (THF): Mn = 11 000 g mol-1, PDI = 1.09. 31P{1H} NMR (162 MHz, CDCl3): δ
= -11 (br); 1H NMR (600 MHz, CDCl3): δ = 7.1 (br, Ar-H); 2H{1H} NMR (92 MHz, CHCl3): δ =
4.4 (br, P-CDPh2), 2.1 (br, Ar-CD3); 13C{1H} NMR (151 MHz, CDCl3): δ = 147 (br), 143 (br),
138 (br), 128 (br), 126 (br), 52 (br, P-CDPh2), 30 (br, -CD2-), 22 (br, Ar-CD3), 20 (br, Ar-CD3).
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Chapter 4: Synthesis and Flame Retardant Properties of Hexakis(2aminoethyl)aminophosphazene

4.1

Introduction
The toxicity, persistence, and bioaccumulation of halogenated flame retardant additives

have led to their use being severely restricted.20-25 Due to this increased scrutiny, phosphorusbased flame retardants have emerged as an alternative.31, 32, 44, 119, 120, 123 Chapter 2 described the
use of phosphorus-containing polymers as non-leachable flame retardants for paper.174 While
these polymers were found to be somewhat effective, their lengthy synthesis made large
quantities needed for flame retardant testing inaccessible. Broadly, despite great academic
interest,132 the bulk-scale synthesis of phosphorus-containing macromolecules still poses a
challenge. With polymeric additives no longer an option, our attention therefore turned to the
covalent attachment of molecular phosphorus-containing species as an alternative strategy used
to incorporate phosphorus moieties into polymeric materials.
As seen in many examples in Chapter 1, phosphazenes (Figure 4.1) are a common motif
in flame retardant chemistry as phosphorus and nitrogen are known to act synergistically when
combined in flame retardant formulations.33-37 Phosphazenes (also known as phosphoranimines,
phosphonitriles, or iminophosphoranes) are compounds in which a tetracoordinate, pentavalent
(σ4λ5) phosphorus atom is doubly bound to a dicoordinate, trivalent (σ2λ3) nitrogen atom (Figure
4.1).46 Phosphazenes can exist in a variety of structural motifs including monomers (A), cyclic
trimers (B) or tetramers (C), and linear (D) or cyclolinear (E) polymers. Among the molecular
forms, cyclic trimers (B) are the most common as their higher stability over the monomer (A)
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and cyclic tetramer (C) leads to preferential formation during phosphazene synthesis. Thus,
hexachlorocyclotriphosphazene (4.1, more simply known as hexachlorophosphazene), is a
convenient commercially available starting material for phosphazene substitution chemistry.175
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Figure 4.1: Common examples of phosphazene motifs.

With the goal of covalently attaching a phosphorus-containing moiety to a polymeric
substrate in mind, the synthesis of a chemically functional phosphazene derivative is necessary.
The simplest method to achieve this involves the use of a bifunctional reagent (Scheme 4.1).
However, in the reaction of 4.1 with simple bifunctional reagents, spiro- (G) and ansacyclic (H)
products, or even oligo- and polymeric (I) products can be formed in addition to the desired
product (F). For example, over several decades a number of studies on the reaction of 4.1 with
aliphatic diamines have been reported in which only the synthesis of compounds of the type G
and H is described.72, 78, 176-179
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Scheme 4.1: Reactions of hexachlorophosphazene (4.1) with a bifunctional reagent to yield a variety of products.

Alternative synthetic approaches to hexafunctional phosphazene derivatives exist,
however,

they

generally

involve

multi-step

procedures.

For

example,

hexakis(4-

aminophenoxy)phosphazene (4.2) has been synthesized from 4.1 by substitution with sodium 4nitrophenoxide followed by catalytic reduction with hydrogen,180 or by substitution with 4acetamidophenol followed by base hydrolysis (Scheme 4.2).181 An uncommon example of a
single-step procedure is the use of alumina impregnated with KOH to mediate the reaction
between

4.1

and

hexamethylenediamine

to

synthesize

hexakis(6-

aminohexyl)aminophosphazene.182
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Scheme 4.2: Synthesis of hexakis(4-aminophenoxy)phosphazene (4.2) from hexachlorophosphazene (4.1)

It was therefore of critical importance to develop a facile, one-step procedure for the
synthesis of a hexafunctional phosphazene derivative, not only to enable the production of large
quantities of flame retardant required for extensive flame testing, but also to make the flame
retardant commercially relevant. For this reason, hexakis(2-aminoethyl)aminophosphazene (4.3),
the non-cyclized product of a reaction between 4.1 and ethylenediamine, was chosen as a
synthetic target. Ethylenediamine is a convenient reagent due to its low cost and more
convenient physical properties compared to other simple diamines. Specifically, 1,4diaminobutane and 1,5-diaminopentane have such offensive odours they are commonly known
as putrescine and cadaverine, respectively. Phosphazene 4.3 has been reported previously,
however, characterization was limited.183
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4.2
4.2.1

Results and Discussion
Synthesis of Hexakis(2-aminoethyl)aminophosphazene (4.3)
While schematically straightforward, careful control of stoichiometry and addition rate

were necessary to prevent unwanted cyclization or cross-linking reactions during the synthesis of
phosphazene 4.3. To this end, a solution of N3P3Cl6 (4.1) was slowly added dropwise to a
concentrated solution of ethylenediamine, followed by reflux overnight (Scheme 4.3). After
precipitation by adding a methanol solution of the crude product to diethyl ether, the final
product (4.3) was isolated as a hygroscopic white powder.
Cl Cl
H2N
P
NH2
N
N
THF
P Cl
Cl P
N
Cl
Cl

4.1

H2N
H2N
H2N

H H
N N
NH2
P
N
N
NH2
NH P
P NH
N
NH
HN
NH2
4.3

Scheme 4.3: Synthesis of hexakis(2-aminoethyl)aminophosphazene (4.3) from the reaction of
hexachlorophosphazene (4.1) with ethylenediamine.

The identity of the isolated product was confirmed through spectroscopic analysis.

31

P

NMR spectroscopy of a solution of 4.3 revealed a sharp singlet (δ = 20.3, Figure 4.2 inset) rather
than the series of multiplets that would arise from a mixture of substitution patterns, or a broad
signal if a cross-linked polymer were formed. When analyzed by 1H NMR spectroscopy, the
predicted splitting is obscured by the slightly broadened signals. Despite this, the resonances are
distinct enough that their identities can still be assigned (Figure 4.2). The exact assignment of the
CH2 groups was made by comparison between the 1H and 1H{31P} NMR spectra, as the protons
of the CH2 group closest to the phosphazene ring exhibit 3JPH coupling while those of the other
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CH2 group do not. All NMR spectroscopy was performed using D2O as the solvent, thus
exchange between the protons of the primary amines and the deuterium atoms of the solvent
completely suppressed any resonance for the NH2 protons. In the

13

C{1H} NMR spectrum, the

two resonances corresponding to each CH2 group exhibited similar peak broadening as observed
in the 1H NMR spectrum.

Figure 4.2: 1H and 31P{1H} (inset) NMR spectra of hexakis(2-aminoethyl)aminophosphazene (4.3)

Batches of 4.3 were always contaminated with the monohydrochloride salt of
ethylenediamine, en•HCl, as indicated by a sharp singlet (δ = 2.99 ppm) in the 1H NMR
spectrum. This impurity results from the necessity of using a large excess of ethylenediamine in
the reaction partly to prevent cyclization and cross-linking, but also as an auxiliary base.
Although the majority of the unreacted ethylenediamine was removed in the purification, the
similar solubility and chemical functionalities of 4.3 and en•HCl meant that they could not be
completely separated. In addition, some of the HCl liberated by the substitution reaction reacts
with the amines of phosphazene 4.3 and is therefore retained in the final product. By combining
an estimate of the en•HCl content made from the 1H NMR spectrum with the known Cl content
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from either elemental analysis or AgCl precipitation, the nature of the final product could be
estimated to be 4.3•2en•8HCl in a typical batch.
In an attempt to reduce the amount of impurities in the final product, the synthesis of 4.3
was performed using a lower stoichiometry of ethylenediamine (6 equiv vs 12 equiv) in the
presence

of

an

excess

of

a

non-nucleophilic

base

(e.g.

triethylamine

or

4-

(dimethylamino)pyridine). These efforts were unsuccessful, however, as the reaction always
yielded a mixture of products judging by the

31

P NMR spectrum in which multiple resonances

with complex splitting patterns were observed. Another strategy involved using a singlyprotected ethylenediamine derivative184 (4.4) in the reaction with phosphazene 4.1 (Scheme 4.4).
In principle this would eliminate the need to use an excess of ethylenediamine by completely
preventing any cyclization or cross-linking reactions. The expected product of this reaction (4.5)
could then be deprotected to yield phosphazene 4.3. However, based on the mixture of
resonances in the

31

P NMR spectrum of the crude product, side reactions still occurred. This

indicates that despite the presence of excess triethylamine, the HCl being liberated by the
substitution reaction was able to remove the acid-labile t-butoxycarbonyl (Boc) protecting
groups of either 4.4 or partially-substituted intermediates.
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Scheme 4.4 Proposed reaction of a singly-protected ethylenediamine derivative with 4.1 to yield a protected hexaamino phosphazene derivative (4.5).
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4.2.2

Thermogravimetric Analysis
The high water solubility of 4.3 limits its utility as the sole component of a flame

retardant treatment. Despite this, before any strategies for rendering 4.3 non-leachable were
attempted it was necessary to fully evaluate the flame retardant properties of paper treated with
4.3. Using the same paper made from thermomechanical pulp used in the previous chapter,
treated paper samples were prepared by drip-coating using solutions of 4.3 in water. The samples
were allowed to fully dry before testing.
The thermal stability of paper samples coated with 0-15 wt% of 4.3 was tested by
thermogravimetric analysis (TGA), as seen in Figure 4.3 and Table 4.1. As discussed in Chapters
1 and 2, phosphorus-based flame retardants for cellulosic materials are thought to function
primarily by first decomposing to phosphoric acid, followed by the acid-catalyzed dehydration
and cross-linking of cellulose to form a non-combustible char.94, 135, 137, 140, 141 As greater amounts
of 4.3 are used to treat paper samples, the Tonset of the first primary mass loss after the initial
drying stage decreases from a maximum of 309 °C for samples treated with 1 wt% of 4.3 to 271280 °C for samples treated with 5-15 wt% of 4.3. This is characteristic of cellulose
decomposition by crosslinking and charring rather than the higher temperature process of
depolymerization.94, 95, 136-139 This is supported by the change in percent mass lost for the same
stage, starting at 60% for untreated paper and decreasing to 30% for samples treated with 15%
4.3. The second stage of decomposition can be attributed to the slow thermal oxidation of both
the char formed in the previous step as well as the lignin in the paper.143, 144 No relationship is
observed between the amount of 4.3 used and either the Tonset or percent mass lost for this stage.
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Table 4.1: Summary of data obtained from thermogravimetric analysis of paper samples treated with varying
quantities of 4.3.

Drying stage
4.3 (wt%) Weight loss (%)

First stage

Second stage

Tonset (°C) Weight loss (%)

Tonset (°C) Weight loss (%)

0

6

303

60

451

15

1

8

309

52

462

21

5

9

271

37

558

14

10

8

273

33

540

16

15

7

280

30

475

17

Figure 4.3: Thermogravimetric analyses of paper samples treated with varying amounts of 4.3.

4.2.3

Flame Testing of Treated Paper Samples
The flame retardancy of paper samples treated with 0-20 wt% of 4.3 was evaluated by the

Technical Association of Pulp and Paper Industry (TAPPI) Standard Method T461 cm-00 (Table
4.2, Figure 4.4). As can be expected, untreated paper was found be flammable, with lengthy
flame (machine direction: 14 s; cross direction: 11 s) and glow times (machine direction: 149 s;
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cross direction: 68 s) resulting in complete combustion of the sample. Despite having
comparable flame times (machine direction: 16 s; cross direction: 13 s), the glow times of paper
treated with just 1 wt% of 4.3 (machine direction: 24 s; cross direction: 16 s) were much lower
compared to untreated paper. When 5 wt% of 4.3 was used, flame times were again relatively
constant (machine direction: 12 s; cross direction: 7 s), however, no glow time was observed in
any trial. At 10 wt% of 4.3 used, not only was there no glow time in any trial but in some cases
the flame time was also zero. Once the amount of 4.3 used reached 15 wt%, appreciable levels of
flame retardancy were consistently observed as both the glow and flame times were zero. The
same results were obtained with samples treated with 20 wt% of 4.3.

Table 4.2: Summary of data obtained from flame testing of paper samples treated with 4.3 by TAPPI Standard
Method T461 cm-00.

Unleacheda

Leacheda

Loading of 4.3 (wt%) Flame time (s) Glow time (s)

a

Flame time (s) Glow time (s)

0

14(11)

149(68)

-

-

1

16(13)

24(16)

-

-

5

12(7)

0(0)

-

-

10

4(0)

0(0)

-

-

15

0(0)

0(0)

10(8)

0(0)

20
0(0)
0(0)
Values outside of parentheses are in the machine direction, values inside are for the cross

direction.
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Figure 4.4: Photographs of charred remains of uncoated paper and paper samples coated with phosphazene 4.3 (15
wt%) after flame testing by TAPPI Standard Method T461 cm-00. For coated paper samples, the top sample was not
leached prior to flame testing, while the bottom sample was leached.

The limiting oxygen indexes (LOIs) of paper samples treated with 0-25% by weight of
4.3 were also measured, following ASTM Standard Method D2863 (Table 4.3, Figure 4.5). A
roughly linear relationship exists between the amount of 4.3 used to treat paper samples and their
LOI, from 19.6% for untreated paper to the remarkably large LOI of 43.3% for samples treated
with 25 wt% of 4.3. The contribution of residual en•HCl to the overall flame retardancy of 4.3
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was estimated by measuring the LOI of paper samples coated with 4.4 wt% of en•2HCl. The
loading of en•2HCl was chosen as it is equimolar to the amount of en•HCl in samples of paper
coated with 15 wt% of 4.3. The LOI was found to be just 22.0%, thus the residual en•HCl in 4.3
has only a modest effect on the flame retardancy of paper samples.

Table 4.3: Summary of LOIs obtained for paper samples treated with 4.3.

LOI (%)
Loading of 4.3 (wt%) Unleached Leached
0

19.6

-

1

20.4

-

5

25.1

-

10

27.1

-

12.5

31.0

-

15

35.4

22.7

20

36.5

-

25

43.3

-

N.B. LOI of paper sample coated with 4.4 wt% of en•HCl = 22.0%.
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Figure 4.5: Plot of LOI of treated paper samples vs amount of 4.3 used in treatment. The dashed line marks the
concentration of O2 in air (21%).

The leachability of 4.3 when used alone on paper was demonstrated using the leaching
component of TAPPI Standard Method T461 cm-00 (Table 4.2, Figure 4.4), in which treated
paper samples are submerged in a water bath for four hours followed by drying. Leached
samples of paper treated with 15 wt% of 4.3 had increased flame times (Table 4.2) and lower
LOIs (Table 4.3) compared to otherwise identical unleached samples, indicative of flame
retardant leaching. Interestingly, their glow times remained zero and the LOI was still slightly
higher than untreated paper. This suggests that although most of the flame retardant had been
washed away, a small amount remains. The observation that some charring still occurs (Figure
4.4) is also evidence that a small amount of 4.3 continues to be present in the paper. Using the
LOI data (Table 4.3), the quantity of 4.3 remaining in the leached paper can be estimated to be in
the range of 1-5 wt%.
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In terms of flame retardant performance, phosphazene 4.3 represents a significant
improvement over the polymers discussed in Chapter 2. Using TAPPI Standard Method T461
cm-00 for comparison, paper samples treated with 4.3 had flame and glow times of zero and
were self-extinguishing before the flame reached the top of the sheet, while polymer-coated
paper samples had non-zero flame times and the flame travelled the entire length of the sample.
When compared using LOI, polymer-coated paper samples had a maximum LOI of 25.9% while
samples treated with 4.3 at a comparable loading (15 wt%) had an LOI of 35.4%.
The significant disadvantage of phosphazene 4.3 compared to the polymers of Chapter 2
is its susceptibility to aqueous leaching. Despite the efficacy of 4.3 as a flame retardant, methods
for affixing it to a cellulosic substrate will be needed before it is useful as a flame retardant.
Therefore, a comparison to other systems is somewhat irrelevant until a solution to this is found.

4.3

Conclusion
In summary, hexakis(2-aminoethyl)aminophosphazene (4.3) was synthesized and

characterized. Though not isolated in a fully purified form, the flame retardant properties of
paper treated with 4.3 were evaluated. Thermogravimetric analysis showed that higher treatment
levels of 4.3 lead to increased charring at elevated temperatures. When tested by TAPPI T461
cm-00, increasing flame retardant levels led to better performance indicated by decreasing flame
and glow times, eventually leading to both values reaching zero. Measurement of the LOIs
showed the same trend, as higher LOIs were recorded for samples treated with higher amounts of
4.3. As 4.3 is water soluble, treated paper samples were found to be highly susceptible to
aqueous leaching.
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4.4
4.4.1

Experimental
General Procedures
All manipulations of air and/or water sensitive compounds were performed under inert

atmosphere

using

standard

Schlenk

techniques.

THF

was

freshly

distilled

from

sodium/benzophenone ketyl prior to use. Ethylenediamine was purchased from Fisher Scientific
and purified by distillation prior to use. N3P3Cl6 (4.1) was purchased from Strem, and was
sublimed under vacuum and recrystallized from hexanes prior to use.
1

H,

13

C, and

31

P NMR spectra were recorded on Bruker 300 or 400 Avance

spectrometers. Chemical shifts for 1H and

13

C spectra are reported relative to TMS (δ = 0) and

for 31P are reported relative to 85% H3PO4 in H2O (δ = 0). Mass spectra were recorded using a
Waters/Micromass LCT.
Thermogravimetric Analyses were performed in air on a Perkin Elmer STA 6000
Simultaneous Thermal Analyzer. Discs 1/8” (~3 mm) in diameter were cut with a hole punch
from treated paper samples. In each experiment, five discs (ca. 12 mg) were heated from 30 °C to
870 °C at a rate of 10 °C min-1.
Flame testing was performed in accordance with Technical Association of Pulp and Paper
Industry (TAPPI) Standard Method T461 cm-00, using an apparatus fabricated according to the
specifications outlined therein. Limiting Oxygen Index (LOI) testing was performed using a
Govmark OI-1 Oxygen Index Module following American Society for Testing and Materials
(ASTM) Standard Test Method D2863.
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4.4.2

Paper Treatment
The paper used for all experiments were sheets (basis weight = 200 g m-2) made using a

laboratory rectangle dynamic sheet former from thermomechanical pulp produced in a pilot plant
from black spruce chips with a total energy input of 2468 kWh t-1. Sheet samples (70 mm × 210
mm for TAPPI T461 cm-00, 50 mm × 140 mm for LOI measurements) were cut (with the
machine-direction and cross-direction noted) and conditioned at 23°C and 50% humidity for 24
h. Each paper sample was weighed, and the mass of flame retardant needed to achieve the
desired loading was measured and the flame retardant dissolved in H2O. For 70 mm × 210 mm
samples, 10 mL of H2O was used, while for 50 mm × 140 mm samples, 5 mL was used. The
flame retardant solution was then added dropwise using a Pasteur pipet to evenly coat both sides
of the paper sample. The samples were conditioned at 23 °C and 50% humidity for 48 h prior to
testing.

4.4.3

Preparation of hexakis(2-aminoethyl)aminophosphazene (4.3)
To a stirred solution of ethylenediamine (23 mL, 346 mmol) in THF (30 mL) was added

dropwise a solution of hexachlorophosphazene (10 g, 28.8 mmol) in THF (30 mL), immediately
forming a white precipitate. Once the addition was complete, the reaction was refluxed
overnight. After refluxing, the reaction formed two layers: a clear, colourless and viscous liquid
layer of crude product on the bottom and a clear and colourless THF layer on top. The reaction
was cooled to room temperature and the top layer decanted off. The bottom layer was dissolved
in MeOH (400 mL) with the aid of sonication and heat, followed by addition to a rapidly stirring
flask of diethyl ether (1.5 L). The white, hygroscopic precipitate was filtered, quickly transferred
to a Schlenk flask, and heated to 60 °C under vacuum for several hours to dry. Upon drying, the
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white solid could be ground in the absence of moisture to a fine powder. Yield: 18.6 g. The final
product is typically contaminated with ethylenediamine hydrochloride, identified by a sharp
singlet in the 1H NMR (δ = 2.99 ppm) or 13C{1H} NMR (δ = 39.4 ppm) in D2O.
1

H NMR (300 MHz, D2O): δ = 3.11 (br s, 12H, CH2NH2), 3.04 (br m, 12H, PNHCH2),

2.93 (br s, 6H, PNH); 31P{1H} NMR (121 MHz, D2O): δ = 20.3 (s); 13C{1H} NMR (101 MHz,
D2O): 40.6 (br s), 38.5 (br s). FT-IR (ATR) νmax (cm-1): 1033, 1087 (C-N), 1180 (P=N), 1434
(CH2), 1505 (N-H), 1603 (N-H), 2065, 2895 (C-H), 3265 (N-H); HRMS (ESI-TOF) m/z:
[M+H]+ calcd for C12H43N15P3, 490.3039; found, 490.3044. Anal. found: C, 22.12; N, 29.91; H,
6.51.

86

Chapter 5: Carbodiimide-Mediated Amide Couplings of Carboxylic Acids to
Phosphazene Derivatives

5.1

Introduction
In Chapter 4 the synthesis of 5.1, a new hexaamino-functionalized phosphazene

derivative, was described. Phosphazene 5.1 was found to be an excellent flame retardant for
paper but was susceptible to leaching due to its high water solubility. As discussed in Chapter 1,
one strategy for rendering flame retardants non-leachable is to have the flame retardant moiety
bound to the material through covalent bonds. The high degree of chemical functionality of
phosphazene 5.1, specifically the six primary amino groups, offers great potential for direct
covalent linkage. Although cyclic or polymeric phosphazenes have been bound to mono-185-190 or
disaccharides,191 reactions with more complex macromolecules such as cellulose or cellulose
derivatives have not been explored.
H H
N N
H2N
NH2
P
N
N
H2N
NH2
NH P
P NH
N
NH
HN
H2N
NH2
5.1

Of the numerous linkages that can be formed using amines, amides are attractive due to
the strength of the amide bond and the ease with which they can be synthesized. Although many
methods for the synthesis of amides have been developed, perhaps the most widely employed
involves the use of carbodiimides.192,

193

Beginning in 1955, carbodiimides such as N,N’-

dicyclohexylcarbodiimide (DCC, 5.2)194 or N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide
(EDC, 5.3)195 have been used for the direct coupling of carboxylic acids with amines under mild
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conditions. EDC, commonly used as its hydrochloride salt, is particularly notable as its water
solubility allows for greater substrate scope and ease of purification of the product. Although
linear phosphazene monomers have been used to synthesize carbodiimides,196,

197

the use of

carbodiimide reagents in couplings of phosphazene derivatives is unexplored.
N

N

C

N

C

N

5.2

NMe2

5.3

Thermomechanical pulp (TMP), made from wood chips in high yield (>90%), retains all
the major components of wood including cellulose, hemicelluloses, and lignin.198 Although TMP
naturally contains carboxylate groups in the form of glucuronic acid residues in xylan (5.4),199
overall the carboxylate content is low. Bleached thermomechanical pulp (BTMP) has a higher
carboxylate content due to the oxidation of lignin during the alkaline peroxide bleaching
process.198,

200

This offers the potential for facile chemical modification of pulp fibres via

carbodiimide coupling, as has been demonstrated by the synthesis of fluorescent pulp via the
EDC coupling of 5-aminofluorescein to BTMP.201 Thus in principle, any amino-functionalized
molecule can be coupled to BTMP to impart desired chemical or physical properties.
HOOC
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HO
O
HO

OH

HO
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O
HO
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Considering the high functionality of 5.1 and the macromolecular structure of pulp, any
potential chemistry involving the two could be difficult to study. In order to first assess the
potential linking of 5.1 to pulp, it was therefore necessary to use a model system. Relatively
simple carboxylic acids can be used as models for the carboxylate-bearing moieties in BTMP,
however when designing a model for 5.1, the synthesis of a monoamino phosphazene derivative
can pose its own challenges. The selective synthesis of partially substituted derivatives of cyclic
phosphazenes is challenging due to the mixtures of products formed in the reaction of N3P3Cl6
(5.5) with nucleophiles (Scheme 5.1).175,

202, 203

Specifically in the case of sodium phenoxide,

despite initial efforts yielding only complex mixtures of products after reaction with 5.5,204, 205 it
was later found that if the reaction conditions and stoichiometry were carefully controlled the
pentasubstituted product could be isolated in more reasonable yields.206 This derivative is
attractive as the five phenoxy groups are non-reactive, and can thus be considered to be a type of
permanent protecting group. With only one site remaining for substitution on the ring, further
chemistry is vastly simplified.
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N
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N
N
Nu
Nu
Nu
Nu
Scheme 5.1: Mixture of regio- and stereoisomers formed by nucleophilic substitution of hexachlorophosphazene
(5.5).

This chapter describes the synthesis of a monoamino phosphazene derivative and its EDC
coupling to a series of carboxylic acids. This includes a glucuronic acid derivative, used as a
model for a carboxylic acid moiety present in thermomechanical pulp. Also described is the
synthesis of pulp functionalized with phosphazene via EDC coupling, the generation of paper
handsheets from this pulp, and an assessment of the flame retardancy of these handsheets.
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5.2
5.2.1

Results and Discussion
Synthesis of Monofunctional Phosphazene Derivatives
The reaction of N3P3Cl6 (5.5) with NaOPh can yield a maximum of 12 compounds with

different substitutions and/or regio- or stereochemistries (Scheme 5.1). Thus, in order to
maximize the yield of the desired pentaphenoxy product (5.6), the literature procedure206 was
modified by adding a solution of NaOPh in THF by extremely slow dropwise addition to a
chilled solution of 5.5 in THF (Scheme 5.2). After the addition was complete and the reaction
warmed to room temperature, the progress of the reaction was monitored by

31

P NMR

spectroscopy. When five molar equivalents of NaOPh are used, resonances corresponding to the
tetraphenoxy (δ = 20.2, d, P(OPh)Cl; 4.9, t, P(OPh)2), pentaphenoxy (5.6) (δ = 22.0, t, P(OPh)Cl;
6.8, d, P(OPh)2) and hexaphenoxy (δ = 8.7, s) products could be observed. By adding additional
NaOPh in the same manner as before but in small portions (0.1 equiv), the remaining
tetrasubstituted product could be converted to 5.6 and hexaphenoxyphosphazene. After filtration
and solvent removal, crude 5.6 was isolated as a viscous, colourless oil.
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Scheme 5.2: Preparation of monoamino (5.7) and monohydroxy (5.8) phosphazene derivatives from
hexachlorophosphazene (5.5)

Although phosphazene 5.6 can be separated from N3P3(OPh)6,204 it was found to be more
convenient to simply use the crude product as is, and remove the unwanted hexaphenoxy product
after the following step. Crude 5.6 was therefore dissolved in THF and added to a stirred solution
of excess ethylenediamine (20 equiv) in THF (Scheme 5.2). After stirring overnight at room
temperature and workup, the desired N3P3(OPh)5NHCH2CH2NH2 (5.7) could be separated from
N3P3(OPh)6 by repeatedly allowing the product to oil out of a CH2Cl2/hexanes solution and
removing the supernatant. After drying under high vacuum, the final product was isolated as a
white solid. The 31P{1H} NMR spectrum of 5.7 showed a spectrum similar to that of 5.6, with a
doublet of doublets (17.7 ppm, P(OPh)NH) and doublet (8.3 ppm, P(OPh)2).
In an attempt to synthesize an alternative monoamino model compound, phosphazene 5.6
was also reacted with ethanolamine in the presence of triethylamine (Scheme 5.2). Rather than
undergoing nucleophilic attack through the oxygen atom, however, ethanolamine instead
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attacked through the amino group to yield the monohydroxy derivative (5.8). While it is still
possible to react alcohols with carboxylic acids via carbodiimide coupling to generate esters,
given the amino substitution of 5.1 the coupling chemistry of 5.8 was not investigated.

5.2.2

X-ray Crystallography
Crystals of 5.7 and 5.8 suitable for X-ray diffraction were obtained by slow evaporation

of a CH2Cl2 solution. The molecular structure of 5.7 is shown in Figure 5.1, the molecular
structure of 5.8 in Figure 5.2, and the metrical parameters of both structures in Table 5.2. The PN bond lengths within the phosphazene ring of 5.7 vary within the range 1.582(2)-1.605(2) Å,
the average length being 1.584(5) Å. The two longest bonds (P(1)-N(1) 1.596(2), P(1)-N(2)
1.605(2) Å) are the P-N bonds involving the P(OPh)(NHR) moiety. Although many examples of
penta(aryloxyl)(amino)phosphazenes exist, only a small number have been characterized
crystallographically.207-210 The P-N bond lengths of 5.7 fall within the same range of those few
examples (1.50-1.68 Å). The N3P3 ring deviates slightly from planarity, with the sum of the
internal angles being 713.6(3)°. The atom with the largest distance from an ideal plane through
the N3P3 ring is P(3), with a deviation of 0.181 Å. The exocyclic bond P(1)-N(4) is slightly
longer than the endocyclic bonds, at 1.630(2) Å.
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Figure 5.1: Solid-state molecular structure of 5.7. Thermal ellipsoids are drawn at the 50% probability level.
Hydrogen atoms are omitted for clarity.

The P-N bond lengths within the phosphazene ring of 5.8 vary within a range very close
to 5.7 (1.577(2)-1.605(2) Å), with a slightly longer average length of 1.589(5) Å. As with 5.7,
the two longest bonds (P(1)-N(1) 1.600(2), P(1)-N(3) 1.605(2) Å) are the P-N bonds involving
the P(OPh)(NHR) moiety. The N3P3 ring also deviates slightly from planarity, with the sum of
the internal angles being 711.2(3)°. The atom with the largest distance from an ideal plane
through the N3P3 ring is N(1), with a deviation of 0.184 Å. Thus, the N3P3 ring in 5.8 is slightly
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less planar than that of 5.7. The exocyclic bond P(1)-N(4) is slightly longer than the endocyclic
bonds, at 1.632(2) Å.

Figure 5.2: Solid-state molecular structure of 5.8. Thermal ellipsoids are drawn at the 50% probability level.
Hydrogen atoms are omitted for clarity.

5.2.3

Synthesis of Methyl 4-O-Methyl-α-D-glucopyranosiduronic Acid
While any simple carboxylic acid could be used to mimic the carboxylic acid groups in

bleached pulp, it was also desirable to have as accurate a model as possible. For this study,
methyl 4-O-methyl-α-D-glucopyranosiduronic acid (5.12) was chosen due to its close
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resemblance to the glucuronic acid residues in xylan (5.4), a hemicellulose found in
thermomechanical pulp.199 Carbohydrate 5.12 has also been used to synthesize compounds
modeling naturally occuring lignin-carbohydrate complexes.211 The glucuronic acid derivative
5.12 was synthesized according to a literature procedure (Scheme 5.3).212
Beginning from methyl α-D-glucopyranoside (5.9), the first step involved the selective
protection of the 2-, 3-, and 6-hydroxyl groups using bis(tributyltin) oxide and benzoyl chloride
to yield the benzoyl ester protected product 5.10. Methylation of the 4-hydroxyl group with
iodomethane and silver(I) oxide, followed by deprotection of the benzoyl esters using sodium
methoxide, yielded methyl 4-O-methylglucopyranoside (5.11). Lastly, 5.12 was obtained by
selective oxidation of the primary hydroxyl group in the C6 position to a carboxylic acid by a
TEMPO-catalyzed oxidation with sodium hypochlorite and sodium bromide. This final step was
the most difficult to accomplish, as in several attempts 5.12 could not be isolated in higher than
10% yield. Nevertheless, enough was obtained to carry on to the next step.
1. MeI, Ag2O,
DMF
TEMPO
NaOCl
CH2OH 1. (Bu3Sn)2O
CH2OBz 2. NaOMe,
CH2OH
NaBr
MeOH
O 2. Bz-Cl
O
O
HO
HO
MeO
HO
BzO
HO
toluene
H2O
HO
OBz
HO
OMe reflux
OMe
OMe 0°C
5.9
5.10
5.11

MeO
HO

COOH
O
HO

OMe

5.12

Scheme 5.3: Synthesis of methyl 4-O-methyl-α-D-glucopyranosiduronic acid (5.12) from methyl α-Dglucopyranoside (5.9)

5.2.4

EDC Couplings of N3P3(OPh)5NHCH2CH2NH2 (5.7) with Carboxylic Acids
All coupling reactions followed a common procedure (Scheme 5.4): to a solution of the

acid in CH2Cl2, EDC, hydroxybenzotriazole hydrate (HOBt•xH2O), and excess triethylamine
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were added and the solution stirred at room temperature. The reaction was monitored by TLC to
observe the conversion of the carboxylic acid to the –OBt active ester. Once the activation step
was complete, amine 5.7 was added to the solution, and the reaction was stirred at room
temperature. After 24 hours, the reaction mixture was diluted with CH2Cl2 and washed five times
with distilled water followed by concentration under vacuum and purification by column
chromatography. CH2Cl2 was used for all coupling reactions due to the insolubility of 5.7 in
water. Other than glucuronic acid derivative 5.12 discussed earlier, the carboxylic acids used in
this study (benzoic acid, cyclohexanecarboxylic acid, isobutyric acid, cyclopentanecarboxylic
acid) were chosen for their availability.
In all cases, the amide-coupling products (5.13-5.17) were isolated and characterized.
Importantly, the 1H NMR spectrum of each product showed the complete disappearance of the
NH2 signal from the starting material (1.47 ppm) and the appearance of signals corresponding to
the NH protons of the amide functionalities in the products (6.1-7.1 ppm). The chemical shifts of
these signals fell within the typical range for amides.
Amides 5.13-5.16 were isolated in acceptable yields (30-44%), however the yield of 5.17
was lower (10%). This was partly due to the presence of residual acetic acid in samples of 5.12,
left over from the mobile phase used in the purification column. The acetic acid would have also
reacted with the EDC and HOBt, and then competed for reactivity with 5.7. This was confirmed
by the isolation of the acetyl amide from the column used to purify 5.17. Another factor affecting
the yield of 5.17 was the poor solubility of 5.12 in CH2Cl2.
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Scheme 5.4: Synthesis of phosphazene-containing amides (5.13-5.17) using a carbodiimide-mediated coupling

5.2.5

Formation of Phosphazene-Functionalized BTMP Handsheets
The EDC coupling of 5.1 to BTMP was performed using an adapted literature

procedure.201 BTMP, EDC, and 5.1 were mixed together in water at a consistency of 2%, and
allowed to stand for three hours before washing and handsheet preparation. Consistency is
defined as the weight in grams of oven-dry pulp in 100 grams of pulp-water mixture. The mass
of 5.1 was varied between 0-20% of the oven-dried weight of the BTMP, and the EDC was
always 50% by mass of 5.1. As a control, handsheets were also prepared by mixing BTMP and
5.1 without any EDC, as well as from BTMP alone.
In order to assess the extent of incorporation of 5.1 into the handsheets, their flame
retardancy was tested according to the Technical Association of Pulp and Paper Industry
(TAPPI) Standard Method T461 cm-00. The results are shown in Table 5.1. Unsurprisingly,
handsheets made from only BTMP (Entry 1, Table 5.1) were found to be very flammable with
lengthy flame and glow times (7 s and 77 s, respectively. For the handsheets made from BTMP
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treated with 5.1 and EDC, in all cases charring could be observed with zero glow time after the
flame self-extinguished. Despite this, only two samples (Entries 4 and 6, Table 5.1) showed a
decrease in flame time. Generally the flame times of these handsheets did not change, and in one
case actually increased (Entry 7, Table 5.1). The lack of relationship between the mass of 5.1
used and flame retardancy, and the overall poor performance of the prepared handsheets
indicates that although a small amount of 5.1 appears to have reacted with BTMP, it is not
enough to impart appreciable flame retardancy to the resulting handsheets.
The efficiency of the coupling procedure can be qualitatively evaluated by using the
known flame retardant properties of 5.1 from Chapter 4. In that chapter, paper made from TMP
treated with 5 wt% of 5.1 had no glow time and a small decrease in flame time, while paper
treated with 1 wt% had a small, but non-zero glow time and a slightly increased flame time.
Thus, it can be estimated that the amount of 5.1 bound to the BTMP handsheets is in the range of
2-4 wt%. Theoretically, given that BTMP generally has a total carboxyl content of ~270 mmol
kg-1,7 of which ~25% (68 mmol kg-1) is likely located on the surface of the fibres,213 one would
expect a maximum of ~6 wt% of 5.1 could be attached to the surface of the BTMP fibres,
assuming no crosslinking. Although the resulting estimated yield (33-67%) is quite a broad
range, it indicates that the coupling reaction was most likely of moderate efficiency.
The presence or absence of EDC had no consistent effect on the flame retardancy of the
resulting handsheets. This is surprising, since during handsheet preparation the pulp is washed
several times with a large amount of water. This should wash away any unreacted 5.1, thus in the
cases where no EDC was used one would expect the entire amount of 5.1 to be extracted. Since
this is not the case, there may be a different type of non-covalent interaction between the 5.1 and
BTMP. As the reaction is carried out at a pH of 4, the amine groups of 5.1 and the carboxylates
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of BTMP will both be protonated. Although no ionic interaction is possible, however hydrogen
bonding may be occurring.

Table 5.1: Summary of flame testing of BTMP handsheets

% Mass
Entry 5.1 EDC Flame Time (s) Glow Time (s)

5.3

1

0

0

7

77

2

2

0

7

0

3

2

1

7

0

4

5

0

6

0

5

5

2.5

7

0

6

10

0

5

0

7

10

5

10

0

8

20

0

7

0

9

20

10

7

0

monoamino

model

Summary
In

summary,

a

compound

(5.7)

for

hexakis(2-

aminoethyl)aminophosphazene (5.1) was prepared and used to synthesize a series of amides
(5.12-5.16) via EDC coupling with carboxylic acids. This work represents the first example of
using carbodiimide coupling in phosphazene chemistry. Additionally, 5.1 was coupled to BTMP
using EDC, followed by the formation of handsheets from this pulp. The flame retardancy of
these handsheets was evaluated using TAPPI Standard Method T461 cm-00. They were found to
be only modestly flame retardant, indicating low incorporation of 5.1 into the pulp.
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5.4
5.4.1

Experimental
X-ray Crystallography
The single crystals of 5.7 and 5.8 were immersed in oil and mounted on a glass fiber.

Data was collected on a Bruker X8 APEX II diffractometer with graphite-monochromated Mo
Kα radiation. The structure was solved by direct methods and subsequent Fourier difference
techniques. All non-hydrogen atoms were refined anisotropically with hydrogen atoms being
included in calculated positions but not refined. The data set was corrected for absorption effects
(SADABS), Lorentz, and polarization effects. All calculations were performed using SHELXL2014 crystallographic software package from Bruker AXS. Additional crystal data and details of
data collection and structure refinement are listed in Table 5.2.
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Table 5.2: X-ray crystallographic data of 5.7 and 5.8

Crystal
5.7
Formula
C32H32N5O5P3
Formula Weight
659.55
Crystal System
Triclinic
Space Group
P -1
Colour
Colourless
a (Å)
10.054(4)
b (Å)
12.545(4)
c (Å)
13.341(7)
α (°)
87.166(9)
β (°)
72.256(8)
γ (°)
76.973(5)
3
V (Å )
1561.0(11)
Z
4
T (K)
90(2)
-1
µ (Mo Κα) (mm )
0.241
Crystal Size (mm)
0.35 x 0.24 x 0.12
-3
Dcalcd. (g cm )
1.403
2Θ (max) (°)
55.04
No. of Reflections
28032
No. of Unique Data
7934
Rint
0.0348
Reflections/parameters ratio
17.1
a
R1, wR2[I > 2σ(I)]
0.0437
b
R1, wR2 (all data)
0.1198
GOF
1.008
a
b
R1 = Σ ||Fo| - |Fc|| / Σ|Fo|. wR2 = [Σ (w(Fo2 – Fc2)2)/Σ w(Fo2)2]1/2

5.4.2

5.8
C32H31N4O6P3
660.52
Orthorhombic
Pca21
Colourless
11.131(1)
15.449(2)
17.909(2)
90
90
90
3079.5(5)
4
183(2)
0.246
0.50 x 0.30 x 0.10
1.425
60.04
61872
9672
0.0416
21.8
0.0378
0.0991
1.090

General Procedures
All manipulations of air and/or water sensitive compounds were performed under inert

atmosphere using standard Schlenk or glovebox techniques. THF was freshly distilled from
sodium/benzophenone ketyl prior to use. Hexa(2-aminoethyl)aminophosphazene (5.1) was
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prepared according to the procedure described in Chapter 4. Methyl 4-O-methyl-α-Dglucopyranosiduronic acid (5.12) was prepared according to literature procedure.212
Dichloromethane, hexanes, ethyl acetate, methanol, ethylenediamine, triethylamine, and benzoic
acid were purchased from Fisher Scientific and used as received. Cyclohexanecarboxylic acid,
cyclopentanecarboxylic acid, isobutyric acid, and EDC were purchased from Sigma Aldrich and
used as received. N3P3Cl6 (5.5) was purchased from Strem, and was sublimed under vacuum and
recrystallized from hexanes prior to use. HOBt hydrate was purchased from Oakwood and used
as received.
1

H,

13

C, and

31

P NMR spectra were recorded on Bruker Avance 300 or 400 MHz

spectrometers. Chemical shifts for 1H and

13

C spectra are reported relative to TMS (δ = 0) and

for 31P are reported relative to 85% H3PO4 in H2O (δ = 0). Mass spectrometry was performed at
the University of British Columbia.
BTMP was supplied by FPInnovations. Handsheets were made using a British Sheet
Machine in accordance to Pulp and Paper Technical Association of Canada (PAPTAC) Standard
Method C.5. Flame testing was performed in accordance with Technical Association of Pulp and
Paper Industry (TAPPI) Standard Method T461 cm-00, using an apparatus fabricated according
to the specifications outlined therein.

5.4.3

Preparation of pentaphenoxychlorophosphazene; N3P3(OPh)5Cl (5.6)
Adapted from a literature procedure.206 To a vigorously stirred solution of 5.5 (6.0 g, 17.3

mmol) in THF (60 mL) chilled in an ice bath, a solution of sodium phenoxide (10 g, 86.5 mmol)
in THF (240 mL) was added dropwise as slowly as possible such that the addition took
approximately 10 hours. After the addition was complete, an aliquot of the reaction was analyzed
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by

31

P NMR spectroscopy. The two largest signals (δ = 22.0, t; 6.8, d) were assigned to the

product, the singlet (δ = 8.7) was assigned to hexaphenoxyphosphazene, and the small doublet (δ
= 20.2) and triplet (δ = 4.9) were assigned to tetraphenoxydichlorophosphazene. Another
addition of sodium phenoxide (0.2 g, 1.72 mmol) in THF (5 mL) was performed dropwise as
before, and the reaction mixture once again analyzed by

31

P NMR spectroscopy. This showed

just 5.6 and hexaphenoxyphosphazene, so all volatiles were removed in vacuo and the residue
dissolved in CH2Cl2 (100 mL). The solution was filtered through Celite and the solvent removed
in vacuo to yield the crude product as clear, colourless oil. The crude product was used without
further purification.
31

P{1H} NMR (121 MHz, THF): δ = 20.9 (t, 2JPP = 84 Hz, PCl(OPh)), 5.72 (d, 2JPP = 84

Hz, P(OPh)2).

5.4.4

Preparation of pentaphenoxy(2-aminoethyl)aminophosphazene;

N3P3(OPh)5NHCH2CH2NH2 (5.7)
To a stirred solution of ethylenediamine (24 mL, 0.35 mol) in THF (50 mL), a solution of
crude 5.6 (17.3 mmol based on previous step) in THF (50 mL) was added. The reaction was
stirred at room temperature overnight. After completion of the reaction, the volatiles were
removed in vacuo and the residue dissolved in CH2Cl2 (50 mL), filtered through Celite, and
washed three times with 1M HCl. The organic phase was then concentrated and added to a flask
containing vigorously stirred hexanes to yield a fine precipitate. Upon standing the precipitate
oiled out of solution, and the mother liquor could be decanted off. The precipitating/oiling out
procedure

was

repeated

until

31

P

NMR

spectroscopy

of

the

oil

showed

the
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hexaphenoxyphosphazene (δ = 8.3 ppm, s) was completely removed. The oil was then dried
under vacuum to yield the product as a white hygroscopic solid. Yield = 61% (two steps)
1

H NMR (300 MHz, CDCl3): δ = 7.33-6.95 (m, 25H, Ar-H), 2.73 (m, 2H, PNHCH2-),

2.70 (m, 1H, NH), 2.55 (m, 2H, -CH2NH2), 1.47 (br s, 2H, NH2);

31

P{1H} NMR (121 MHz,

CDCl3): δ = 17.7 (dd, 2JPP = 71 Hz, 2JPP = 77 Hz, P-NH), 8.3 (d, 2JPP = 76 Hz, P(OPh)2); 13C{1H}
NMR (101 MHz, CDCl3): δ = 150.9 (s), 129.4 (s), 129.3 (s), 124.9 (s), 124.7 (s), 124.5 (s), 121.3
(s), 121.2 (s), 121.0 (s), 43.4 (s), 42.6 (d, 2JPC = 8 Hz). HRMS (ESI-TOF) m/z: [M+H]+ Calcd for
C32H33N5O5P3 660.1695; Found 660.1702.

5.4.5

Preparation of pentaphenoxy(2-hydroxyethyl)aminophosphazene

N3P3(OPh)5NHCH2CH2OH (5.8)
NH2CH2CH2OH (0.10 mL, 1.7 mmol) was added drop-wise to a solution of crude 5.6
(1.00 g, ca 1.57 mmol) and Et3N (7 mL, 50 mmol) in THF (30 mL). The reaction mixture was
stirred at room temperature for 24 hours and an aliquot was removed for

31

P NMR analysis. If

the spectrum revealed signals corresponding to N3P3(OPh)5Cl, then the reaction mixture was
heated to 50 ˚C for 15 hours. Upon completion, the volatiles were removed in vacuo to afford a
pale yellow, sticky residue. Subsequently, toluene (ca. 45 mL) was added to the residue and
filtered. The solvent was removed using a rotary evaporator, leaving a pale yellow oil.
N3P3(OPh)5NHCH2CH2OH and N3P3(OPh)6 were separated using silica gel chromatography in
hexanes/ethyl acetate (60:40) eluent. Complete removal of the solvent afforded a pale yellow
solid. Yield: 0.20 g (20 %)
1

H{31P} NMR (300 MHz, C6D6): δ = 6.81-7.29 (m, 25H, Ar-H), 3.13 (q, 2H, 3JHH = 6 Hz,

-CH2OH), 2.66 (q, 2H, 3JHH = 6 Hz, PNHCH2), 2.46 (t, 1H, 3JHH = 6 Hz, NH), 1.79 (t, 1H, 3JHH =
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6 Hz, OH); 31P{1H} NMR (121 MHz, CDCl3): δ = 17.7 (t, 2JPP = 75 Hz, P(OPh)NH), 8.3 (d, 2JPP
= 75 Hz, P(OPh)2);

13

C{1H} NMR (101 MHz, CDCl3): δ = 150.9 (s) 129.30 (s), 124.86 (s),

121.18 (s), 62.82 (s), 43.36 (s); Anal. Calcd. for C32H31N4O6P3: C, 58.19; H, 4.73; N, 8.48.
Found: C, 58.49; H, 4.73; N, 8.50.

5.4.6

General Carbodiimide Coupling Procedure
To a stirred solution of carboxylic acid (0.228 mmol) in dichloromethane (5 mL),

triethylamine (0.21 mL, 1.52 mmol), EDC-HCl (87 mg, 0.456 mmol), and HOBt hydrate (90
mg) were added. The reaction was monitored by TLC (100% EtOAc) until the complete
conversion of the carboxylic acid to –OBt ester could be observed, at which time 5.7 (100 mg,
0.152 mmol) was added. After stirring at room temperature for 24h, the reaction mixture was
washed five times with distilled water, concentrated by evaporation, and purified by column
chromatography.

5.4.7

Preparation of Pentaphenoxy((N-benzoyl)2-aminoethyl)aminophosphazene;

N3P3(OPh)5NH(CH2)2NHCOPh (5.13)
Purified by column chromatography (10% MeOH in CH2Cl2) Rf = 0.66. Off-white oil.
Yield: 40%.
1

H NMR (300 MHz, CDCl3): δ = 7.82 (d, 2H, J = 7 Hz), 7.48-6.94 (m, 28H), 7.10 (m,

1H, NH-COPh) 3.34 (m, 2H, CH2-NHCO), 2.92 (m, 2H, PNH-CH2), 2.73 (m, 1H, P-NH).
31

P{1H} NMR (121 MHz, CDCl3): δ = 17.2 (dd, 2JPP = 73 Hz, 2JPP = 78 Hz, P-NH), 8.4 (m,

P(OPh)2); 13C{1H} NMR (101 MHz, CDCl3): δ = 167.6 (s), 150.7 (m), 134.2 (s), 131.3 (s), 129.5
(s), 129.4 (s), 128.4 (s), 127.2 (s), 125.0 (s), 124.8 (s), 124.7 (s), 121.1 (s), 121.0 (s), 41.4 (d, 2JPC
106

= 4 Hz), 40.3 (s). HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C39H37N5O6P3 764.1957; Found
764.1953.

5.4.8

Preparation of Pentaphenoxy((N-cyclohexylcarbonyl)2-

aminoethyl)aminophosphazene; N3P3(OPh)5NH(CH2)2NHCOCy (5.14)
Purified by column chromatography (10% MeOH in CH2Cl2) Rf = 0.48. Off-white oil.
Yield: 30%.
1

H NMR (300 MHz, CDCl3): δ = 7.31-6.94 (m, 25H), 6.12 (br s, 1H, NH-CO), 3.13 (m,

2H, CH2-NHCO), 2.81 (m, 2H, PNH-CH2), 2.65 (m, 1H, P-NH), 1.98-1.17 (m, 11H).

31

P{1H}

NMR (121 MHz, CDCl3): δ = 17.2 (dd, 2JPP = 71 Hz, 2JPP = 78 Hz, P-NH), 8.3 (m, P(OPh)2);
13

C{1H} NMR (101 MHz, CDCl3): δ = 176.5 (s), 150.9 (m), 129.5 (s), 129.4 (s), 125.0 (s), 124.8

(s), 124.7 (s), 121.2 (s), 121.1 (s), 121.0 (s), 45.4 (s), 40.5 (d, 2JPC = 5 Hz), 40.4 (s), 29.6 (s), 25.7
(s). HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C39H43N5O6P3 770.2426; Found 770.2429.

5.4.9

Preparation of Pentaphenoxy((N-isobutyryl)2-aminoethyl)aminophosphazene;

N3P3(OPh)5NH(CH2)2NHCOCH(CH3)2 (5.15)
Purified by column chromatography (5% MeOH in CH2Cl2) Rf = 0.24. Off-white oil.
Yield: 42%.
1

H NMR (300 MHz, CDCl3): δ = 7.32-6.94 (m, 25H), 6.17 (m, 1H, NH-CO), 3.12 (m,

2H, CH2-NHCO), 2.81 (m, 2H, PNH-CH2), 2.69 (m, 1H, P-NH), 2.21 (sept, 1H, J = 7 Hz,
CH(CH3)2), 1.09 (d, 6H, J = 7 Hz, CH(CH3)2). 31P{1H} NMR (121 MHz, CDCl3): δ = 17.2 (dd,
2

JPP = 73 Hz, 2JPP = 77 Hz, P-NH), 8.4 (d, 2JPP = 74 Hz, P(OPh)2);

13

C{1H} NMR (101 MHz,

CDCl3): δ = 177.4 (s), 150.8 (m), 129.5 (s), 129.4 (s), 125.0 (s), 124.8 (s), 124.7 (s), 121.1 (s),
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121.0 (s), 40.6 (d, 2JPC = 4 Hz), 40.4 (s), 35.4 (s), 19.6 (s). HRMS (ESI-TOF) m/z: [M+Na]+
Calcd for C36H38N5O6NaP3 752.1933; Found 752.1923.

5.4.10 Preparation of pentaphenoxy((N-cyclopentylcarbonyl)2aminoethyl)aminophosphazene; N3P3(OPh)5NH(CH2)2NHCOC5H9 (5.16)
Purified by column chromatography (5% MeOH in CH2Cl2). Off-white oil. Yield: 44%.
1

H NMR (300 MHz, CDCl3): δ = 7.32-6.94 (m, 25H), 6.16 (m, 1H, NH-CO), 3.13 (m,

2H, CH2-NHCO), 2.82 (m, 2H, PNH-CH2), 2.72 (m, 1H, P-NH), 2.37 (m, 1H, CH-CONH), 1.72
(m, 4H), 1.50 (m, 2H), 1.31 (m, 2H). 31P{1H} NMR (121 MHz, CDCl3): δ = 17.3 (dd, 2JPP = 73
Hz, 2JPP = 77 Hz, P-NH), 8.3 (d, 2JPP = 73 Hz, P(OPh)2); 13C{1H} NMR (101 MHz, CDCl3): δ =
176.7 (s), 150.8 (m), 129.5 (s), 129.4 (s), 129.3 (s), 125.0 (s), 124.8 (s), 124.6 (s), 121.2 (s),
121.0 (s), 45.7 (s), 40.7 (d, 2JPC = 5 Hz), 40.4 (s), 30.4 (s), 25.9 (s). HRMS (ESI-TOF) m/z:
[M+Na]+ Calcd for C38H40N5O6NaP3 778.2089; Found 778.2092.

5.4.11 Preparation of Pentaphenoxy((N-(methyl 4-O-methyl-α-Dglucopyranosiduronyl))2-aminoethyl)aminophosphazene (5.17)
Purified by column chromatography (2-10% MeOH in CH2Cl2) Rf = 0.48. White
crystalline solid. Yield: 10%.
1

H NMR (300 MHz, CDCl3): δ = 7.32-6.91 (m, 25H), 6.83 (m, 1H, NH-CO), 4.71 (d, 1H,

J = 4 Hz, C(1)-H), 3.95 (d, 1H, J = 10 Hz, C(5)-H), 3.77 (m, 1H, C(3)-H), 3.52 (s, 3H, C(4)OCH3), 3.50 (m, 1H, C(2)-H), 3.37 (s, 3H, C(1)-OCH3), 3.28 (m, 1H, C(4)-H), 3.22 (m, 2H,
CH2-NHCO), 2.86 (m, 2H, PNH-CH2), 2.66 (m, 1H, P-NH).

31

P{1H} (121 MHz, CDCl3): δ =

17.4 (m, P-NH), 8.3 (m, P(OPh)2); 13C{1H} NMR (101 MHz, CDCl3): δ = 169.3 (s), 150.7 (m),
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129.5 (s), 129.4 (s), 125.0 (s), 124.8 (s), 121.2 (s), 120.9 (s), 99.2 (s), 81.8 (s), 74.2 (s), 71.9 (s),
70.6 (s), 60.5 (s), 55.9 (s), 40.6 (d, 2JPC = 5 Hz), 40.1 (s). HRMS (ESI-TOF) m/z: [M+H]+ Calcd
for C40H45N5O11P3 864.2328; Found 864.2335.

5.4.12 Preparation of phosphazene-modified BTMP
BTMP (4 g oven-dried weight), 5.1 (variable mass based on oven-dried weight of pulp),
and EDC (50% by mass of 5.1) were mixed and enough distilled water added such that the total
weight of the reaction was 200 g (2% consistency). The pH of the reaction was adjusted using
H2SO4 such that the pH was 4. The mixture was thoroughly mixed using an overhead stirrer, and
then allowed to sit at room temperature without stirring for three hours. The pulp was then
filtered and thoroughly washed three times with distilled water (400 mL), followed by handsheet
formation according to PAPTAC Standard Method C.5.
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Chapter 6: Carboxymethyl Cellulose and Hexakis(2aminoethyl)aminophosphazene as a Two-Part Flame Retardant Treatment for
Paper

6.1

Introduction
As outlined in Chapter 1, the three major methods of incorporating a phosphorus-

containing flame retardant into a polymeric material are a) physical blending, b)
copolymerization, or c) post-polymerization modification (Figure 1.3). Chapter 2 described the
use of phosphorus-containing polymers as flame retardant additives for paper. Despite being
moderately effective as non-leachable flame retardants, the laborious synthesis of the polymers
made them unsuitable for wide application. Since copolymerization can be ruled out for
cellulosic materials due to cellulose being a naturally sourced polymer, this left covalent
attachment of phosphorus-containing moieties as the remaining strategy. Chapter 4 reported the
synthesis and flame retardant properties of a hexaamino-functionalized phosphazene derivative
(6.1), while in Chapter 5 attempts to couple 6.1 to bleached thermomechanical pulp via
carbodiimide coupling were described. Although these efforts were unsuccessful, phosphazene
6.1 remained an attractive flame retardant due to its ease of synthesis and excellent flame
retardant properties.
H H
N N
NH2
H2N
P
N
N
H2N
NH2
NH P
P NH
N
NH
HN
H2N
NH2

6.1

110

Despite covalent attachment being unproductive, non-covalent attachment is an option.
Phosphazene 6.1 is typically isolated with all six primary amine groups protonated to form
ammonium groups, thus ionic attraction between the positively charged ammonium groups of 6.1
and negatively charged carboxylates in thermomechanical pulp (TMP) is possible. Hydrogen
bonding could also occur between the donating ammonium groups of 6.1 and various potential
acceptors within TMP. In Chapter 4, phosphazene 6.1 was found to be highly leachable when
coated on paper, thus it can be concluded that the possible non-covalent interactions between 6.1
and pulp are either too weak or not numerous enough to prevent leaching. An additional
compound is therefore needed that could bind to both 6.1 and to cellulose.
Sodium carboxymethyl cellulose (6.3) is a water-soluble cellulose (6.2) derivative used
as a thickening agent, emulsifier, and solution stabilizer.214-216 In the technical grade its
applications include use in the textile, mining, and pulp industries while its finer grade (cellulose
gum) is found in detergents, cosmetics, pharmaceuticals, and even food. The most common bulkscale synthesis of 6.3 is a non-selective etherification of the 2-, 3-, and 6-hydroxyl groups of the
anhydroglucose repeat unit of cellulose with sodium monochloroacetate (Scheme 6.1), however
more specialized methods have also been developed.217 Samples of 6.3 are typically
characterized by two parameters: molecular weight and degree of substitution (DS). As with any
polymer, higher molecular weight samples of 6.3 are less soluble and form more viscous
solutions. The DS describes the average number of carboxymethyl groups per anhydroglucose
unit. Although the theoretical range is 0.0-3.0, commercially available samples are typically in
the range of 0.4-1.5. More substituted samples of 6.3 have higher solubility and result in
solutions with superior flow properties.
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Scheme 6.1: Synthesis of sodium carboxymethyl cellulose (6.3) via etherification

Due to 6.3 being negatively charged and the H-bonding potential of its hydroxy and
carboxylate groups, it was hypothesized that it may be able to bind to 6.1 via both ionic and Hbonding interactions. The ability of 6.3 to adsorb irreversibly onto cellulose fibres via H-bonding
is well known,218-223 thus 6.3 could act as a “glue” by affixing 6.1 to a cellulosic substrate such as
paper (Figure 6.1).

Figure 6.1: Cartoon representation of proposed interaction between 6.1, 6.3, and cellulose in which 6.3 acts as a
“glue” by binding to both 6.1 and cellulose via non-covalent interactions.
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6.2
6.2.1

Results and Discussion
Flame Testing by TAPPI T461 cm-00
Paper samples were coated with 6.1 (15 wt% of paper) followed by 6.3 (15 wt% of

paper), each in aqueous solution (final P loading: 1.2 wt%). Between each coating, the sample
was air-dried. The flame retardancy was first measured using the Technical Association of Pulp
and Paper Industry (TAPPI) Standard Method T461 cm-00 (Table 6.1, Figure 6.2). Paper coated
with 6.3 alone (15 wt%) was used as a control. For comparison, the results for uncoated paper as
well as paper treated with monobasic ammonium phosphate (MAP) or 6.1 alone from Chapters 2
and 4 are reproduced.
Paper treated solely with 6.3 had slightly smaller flame times but much longer glow times
before leaching when compared to untreated paper. Although this is seemingly contradictory, the
entire sample is consumed by the flame therefore 6.3 is not considered to be flame retardant. In
Chapter 4, 6.1 was shown to be a highly effective flame retardant, yet was susceptible to aqueous
leaching. Importantly, not only did samples coated with 6.1 and 6.3 (15:15 wt%) show flame
retardancy comparable to MAP-treated paper before leaching, but the flame and glow times
remained zero after leaching in the majority of trials. Interestingly, the flame travelled a shorter
distance for the leached sample than the unleached sample (10 cm vs. 12 cm).
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Table 6.1: Summary of results from flame testing by TAPPI Standard Method T461 cm-00

Treatment

a

Unleacheda

Leacheda

Flame time (s) Glow time (s)

Flame time (s) Glow time (s)

Uncoated

14(11)

149(68)

-

-

15 wt% 6.1

0(0)

0(0)

10(8)

0(0)

15 wt% 6.3

10(11)

228(318)

6(7)

144(127)

15 wt% MAP

0(0)

0(0)

13(12)

133(125)

15:15 wt% 6.1:6.3
0(0)
0(0)
2(0)
0(0)
Values outside of parentheses are in the machine direction, values inside are for the cross

direction.
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Figure 6.2: Photographs of charred remains of uncoated paper and paper samples coated with MAP (15 wt%), 6.1
(15 wt%), and 6.1:6.3 (15:15 wt%) after flame testing by TAPPI Standard Method T461 cm-00. For coated paper
samples, the top sample was not leached prior to flame testing, while the bottom sample was leached.

6.2.2

Flame Testing by Limiting Oxygen Index
The flammability of treated paper samples was also evaluated by measuring their limiting

oxygen index (LOI) values by ASTM D2863 (Table 6.2). Paper treated with 6.3 was found to
have a slightly higher LOI than uncoated paper, indicating that contrary to the results obtained
from the TAPPI Standard Method T461 cm-00, samples treated with 6.3 are mildly flame
retardant. Samples treated with both 6.1 and 6.3 were found to have a very high LOI (39.2, 15:15
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wt%). Interestingly, the increase in LOIs for samples treated in this way (DLOI = 39.2 – 19.6 =
19.6) were significantly higher than the sum of the increase in LOI for paper treated separately
with either 15 wt% 6.1 or 15 wt% 6.3 [DLOI = (35.4 – 19.6) + (24.7 – 19.6) = 10.9], suggesting a
synergistic effect between 6.1 and 6.3.
Most importantly, not only did paper treated with 6.1 and 6.3 retain a high LOI after
leaching, but the value unexpectedly increased (before: 39.2, after: 41.1). Although the exact
reason for this is not known, it could be due to the interactions between 6.1 and 6.3 not fully
reaching completion. Since the treatment involves a solution of 6.3 being coated onto a dry sheet
of paper on which 6.1 has already been deposited, the fully optimized reaction between the two
may not occur until the entire sample is immersed in water. It is also possible that the NaCl
formed in the reaction between the ammonium chloride groups of 6.1 and sodium carboxylates
of 6.3 somehow suppresses flame retardancy, thus the system shows better performance after
leaching when this NaCl has been washed away.

Table 6.2: LOI values for treated paper samples.

LOI (%)
Treatment

Unleached Leached

Uncoated

19.6

-

15 wt% 6.1

35.4

22.7

15 wt% 6.3

24.7

-

15:15 wt% 6.1:6.3

39.2

41.1
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6.2.3

Testing of Leaching Under Extreme Conditions
All of the previously mentioned leaching experiments were conducted according to

TAPPI Standard Method T461 cm-00 which involves just one set of conditions: the submersion
of treated paper samples in room temperature, neutral pH water for four hours. In order to test
the susceptibility of the combined 6.1:6.3 treatment method in different environments, the time
spent in the leaching solution as well as the temperature and pH of the solution were varied. As
an additional variable, in some cases the volume of the leaching solution was changed in order to
test the effect of stoichiometry vs concentration. After being leached under these conditions, the
LOIs of the samples were measured (Table 6.3).
It was initially hypothesized that by varying the leaching time it would be possible to
move beyond the qualitatively binary “leachable/not leachable” when describing leachability,
and instead quantify the susceptibility of a system over time. However, in all cases there was
little variability based on how long a sample was leached. For systems in which the coated paper
samples are relatively robust (i.e. neutral water), lengthier leaching times may be needed before
this is possible. Remarkably, samples heated in boiling water or in mildly acidic or basic
solutions (HCl at pH = 5 or NaOH at pH = 9) retained nearly all their flame retardancy with
excellent LOIs being retained (LOI: 37.8-40.8; cf. unleached 39.2). Under highly acidic or basic
conditions (pH = 1 or 13), however, there was partial leaching of the flame retardant as
evidenced by a drop in the LOI, however a flame retardant effect remained (LOI: 24.8-26.2; cf.
untreated paper: 19.6). For these extreme pH conditions, there was no significant difference
between using 1 L or 8 L of leaching solution.
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Table 6.3: LOI values of paper samples treated with 6.1 and 6.3 (15:15 wt%) leached under various conditions for
different lengths of time.

LOI (%)
Leaching time
Leaching Conditions Volume (L) Temperature (°C)

6.2.4

1h

2h

4h

0.1 M HCl

1

RT

26.2 25.6 24.8

0.1 M HCl

8

RT

25.0 25.4 25.0

0.00001 M HCl

1

RT

40.8 38.8 39.0

H2 O

1

RT

40.4 39.8 41.1

H2 O

1

100

39.8 38.6 37.8

0.00001 M NaOH

1

RT

39.6 38.4 38.8

0.1 M NaOH

1

RT

25.2 25.4 25.4

0.1 M NaOH

8

RT

25.6 25.2 25.2

Comparison to Related Systems
Due to the large number of standard methods for evaluating flame retardancy, direct

comparisons between this work and published literature can be difficult. Of the two main
methods of measuring flame retardancy used in this work, LOIs are more convenient for
comparison due to their being more quantitative than the results from TAPPI Standard Method
T461 cm-00. While it is important to remember that flame retardancy should not be evaluated
based on one test alone, the comparison is still useful.
When compared to other examples of phosphorus-based flame retardants being used to
treat cellulosic materials, paper treated with 6.1 and 6.3 possesses superior flame retardancy. In
two reports in which “layer-by-layer” assembly (See Section 1.5.1 in Chapter 1) was used to
deposit phosphorus-containing species onto cotton, the maximum LOI achieved was just 25.0.111,
113

In another example, cotton treated with a polyphosphazene derivative had an even lower LOI
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of 23.5.97 Viscose fibers with high LOIs (up to 35.0) have been synthesized by blending a
polyphosphazene into the viscose solution prior to spinning, however the wet spinning method is
unique to viscose and isn’t adaptable to other systems.224
Another important advantage of this system is the simplicity of the two-step treatment.
This is most apparently when compared to “layer-by-layer” methods, which also rely upon noncovalent interactions to affix flame retardant compounds to cellulosics. In a representative
example, 20 bilayers (thus 40 layers in total) of chitosan and poly(vinylphosphonic acid) were
necessary to impart appreciable flame retardancy to paper handsheets, as tested by a horizontal
flame test.108 The system involving 6.1 and 6.3 also compares favourably to very recent work in
which cotton fabric is first soaked in a flame retardant solution followed by pH-curing.115, 116

6.2.5

Synthesis of 6.1:6.3 Composite
To gain additional insight into the nature of the interaction between 6.1 and 6.3, aqueous

solutions of each were mixed to afford an immediate precipitate. The resultant 6.1:6.3 composite
is completely insoluble in water and, therefore, was analysed by solid-state

13

C{1H} CP/MAS

NMR spectroscopy (Figure 6.3). The spectrum of the composite appears nearly identical to that
of 6.3, however with a new resonance at 37 ppm. This was assigned to the methylene units of 6.1
based upon comparison to the solid-state

13

C{1H} CP/MAS NMR spectrum of 6.1 alone. The

6.1:6.3 composite was also analysed by solid-state IR spectroscopy (Figure 6.4). When compared
to 6.3 separately, the most distinctive features are new shoulders at 1187 cm-1 and 1090 cm-1,
assigned to the P=N and C-N vibrations of 6.1. Lastly, the formulation of the precipitate as a
mixture of the two components was supported by elemental analysis, which revealed a nitrogen
content (11.16%) between that of 6.1 (29.91%) and 6.3 (0%). The nitrogen content is not exactly
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at the midpoint between 6.1 and 6.3 due to the elimination of NaCl as well as possibly
ethylenediamine.

Figure 6.3: 13C{1H} solid-state CP/MAS NMR spectra of the 6.1:6.3 composite (top), 6.1 (middle), and 6.3
(bottom). Asterisks denote spinning sidebands.
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Figure 6.4: IR spectra of 6.3 (blue), 6.1 (red), and the 6.1:6.3 composite (green). The inset is an expanded region of
the same spectra.

6.2.6

Synthesis of Phosphazene-Containing Ammonium-Carboxylate Model (6.5)
In an effort to obtain more specific structural information regarding the possible

ammonium-carboxylate

interactions

[N3P3(OPh)5(NHCH2CH2NH3)]+[O2CCy]–

between

6.1

(6.5)

and
was

6.3,

the

model

prepared

salt
from

N3P3(OPh)5(NHCH2CH2NH2) (6.4) and cyclohexanecarboxylic acid (Scheme 6.2). Crystals
suitable for X-ray analysis were obtained by slow evaporation of a DCM-hexanes solution of 6.5.
The molecular structure of the model salt reveals a significant degree of H-bonding with each
ammonium group being H-bonded to three different carboxylates whilst each secondary P–NHR
is hydrogen bonded to one carboxylate (Figure 6.5). Additionally, each carboxylate is H-bonded
to four different nitrogen atoms via the two oxygens. The donor-acceptor N–O distances for the
ammonium-carboxylate H-bonds are in the range of 2.728(4)-2.787(3) Å, suggestive of
moderate, mostly electrostatic character.225 The N–O distances for the secondary P-NHR121

carboxylate hydrogen bonds are slightly longer [2.998(6)-3.012(5) Å], but can still be considered
to be of similar electrostatic character. As a consequence of the complexity of these interactions,
the model salt crystallizes not as a discrete ion pair, but as a one-dimensional hydrogen-bonded
network of phosphazene and carboxylate units along the x-axis (Figure 6.6). Give how these
interactions occur even in a relatively simple ammonium-carboxylate salt points towards even
more complex bonding in the 6.1:6.3 composite.
O
H
PhO N
NH2
P
N
N
P OPh
PhO P
N
PhO
OPh

6.4

OH

H
PhO N
NH3 O
P
N
N
P OPh
PhO P
N
PhO
OPh

O

6.5

Scheme 6.2: Synthesis of an ammonium-carboxylate salt (6.5) between an aminophosphazene (6.4) and
cyclohexanecarboxylic acid.
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Figure 6.5: Molecular structure of (N3P3(OPh)5(NHCH2CH2NH3)]+[O2CCy]– (6.5) (molecule 1 of 2 in the
asymmetric unit) as a model for the 6.1:6.3 composite. The filled-in structure represents one of the two unique ion
pairs within the unit cell. Each ammonium moiety forms three H-bonds depicted by one solid structure and two
faded structures.
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Figure 6.6: Molecular structure of [N3P3(OPh)5(NHCH2CH2NH3)]+[O2CCy]– (6.5), showing approximately three
unit cells along the x-axis. Thermal ellipsoids shown at the 50% probability level. All hydrogen atoms and aryl
carbon atoms are omitted for clarity. Dashed bonds show H-bonding interactions. Black = carbon, blue = nitrogen,
red = phosphorus, cyan = oxygen.

6.2.7

SEM-EDS Analysis of Treated Paper Samples
Treated and untreated paper samples were also analysed by scanning electron microscopy

with energy dispersive X-ray spectroscopy (SEM-EDS) (Figure 6.7). As expected, untreated
paper contains only carbon and oxygen whereas paper treated with 6.1 additionally shows
phosphorus, chlorine, and nitrogen. For paper treated with 6.1 and 6.3 (15:15 wt%), smooth
bright regions are observed that have a significantly higher P and Cl content as well as higher N
and Na content when compared to darker regions. These bright regions are therefore due to the
presence of the 6.1:6.3 composite. Most importantly, after leaching, samples containing this
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composite retain the majority of their N and P content. However, the Na and Cl contents are
considerably lower due to the ready leaching of the NaCl formed when 6.1 and 6.3 are mixed.

Figure 6.7: SEM images at 100x magnification of paper samples without any treatment (top left), unleached
samples treated with 6.1 (15 wt%) (top right), unleached samples treated with 6.1:6.3 (15:15 wt%) (bottom left), and
leached samples treated with 6.1:6.3 (15:15 wt%) (bottom right). Insets show representative EDS elemental
composition analyses for each image.
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6.3

Summary
In conclusion, the polyfunctional molecular phosphazene derivative 6.1 can be rendered

virtually non-leachable from paper by using carboxymethyl cellulose (6.3) as a “glue”. This
exploitation of H-bonding represents a simple and unique method to easily immobilize a flame
retardant molecule within a cellulosic material using traditional water-processing methods. This
development opens the door to cost-effective, safe and environmentally friendly uses of
renewable cellulosic materials such as paper, wood, cotton or other cellulose fibre-based
products where flame retardancy and non-leachability are required.

6.4
6.4.1

Experimental
X-ray crystallography
The single crystal of 6.5 was immersed in oil and mounted on a glass fiber. Data was

collected on a Bruker X8 APEX II diffractometer with graphite-monochromated Mo Kα
radiation. The structure was solved by direct methods and subsequent Fourier difference
techniques. All non-hydrogen atoms were refined anisotropically with hydrogen atoms being
included in calculated positions but not refined. The data set was corrected for absorption effects
(SADABS), Lorentz, and polarization effects. All calculations were performed using SHELXL2014 crystallographic software package from Bruker AXS. Additional crystal data and details of
data collection and structure refinement are listed in Table 6.4.
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Table 6.4: Summary of X-ray collection data for 6.5

Crystal

6.5

Formula

C39H44N5O7P3

Formula Weight

787.70

Crystal System

Triclinic

Space Group

P -1

Colour

Colourless

a (Å)

10.106(2)

b (Å)

18.807(4)

c (Å)

20.322(4)

α (°)

90.631(4)

β (°)

97.484(4)

γ (°)

90.641(4)

V (Å3)

3828.8(13)

Z

4

T (K)

90(2)

µ (Mo Κα) (mm-1)

0.212

Crystal Size (mm)

0.70 x 0.05 x 0.05

Dcalcd. (g cm-3)

1.366

2Θ (max) (°)

56.88

No. of Reflections

66884

No. of Unique Data

9827

Rint

0.0603

Reflections/parameters ratio

19.6

R1, wR2[I > 2σ(I)]a

0.0490

R1, wR2 (all data)b

0.1148

GOF

0.993

a

R1 = Σ ||Fo| - |Fc|| / Σ|Fo|. bwR2 = [Σ (w(Fo2 – Fc2)2)/Σ w(Fo2)2]1/2
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6.4.2

General Procedures
All manipulations of air-sensitive and/or water-sensitive compounds were performed

using standard Schlenk or glovebox techniques under nitrogen atmosphere. Hexakis(2aminoethyl)aminophosphazene (6.1) was synthesized according to the procedure in Chapter 4.
N3P3(OPh)5NHCH2CH2NH2 (6.4) was synthesized according to the procedure in Chapter 5.
Sodium carboxymethyl cellulose (Mw = 90 000 g mol-1, DS = 0.7) (6.3) and
cyclohexanecarboxylic acid were purchased from Sigma-Aldrich and used as received. The
paper used for all experiments was laboratory rectangle Dynamic Sheet Former (DSF) sheets
(basis weight = 200 g m-2) made from thermomechanical pulp (TMP) produced in a pilot plant
from black spruce chips with a total energy input of 2468 kWh t-1.
Solution NMR spectra were recorded on Bruker 300 MHz Avance or 400 MHz Avance
spectrometers (Milton, ON) at room temperature. Chemical shifts for
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P spectra are reported

relative to H3PO4 as an external standard (85% in H2O). The solid-state 13C{1H} NMR data were
acquired on a Bruker 400 MHz Avance spectrometer running with xwinnmr 2.6. The MAS speed
was set at 5 or 8 kHz. The contact time to establish cross polarization was set to be 2 ms. Total
number of scans was around 18 000 with a recycle delay of 5 seconds. The NMR data were
apodized with a 10 Hz Lorentzian broadening function and zero filled once prior to Fourier
transformation. Mass spectra were recorded using a Waters/Micromass LCT. IR spectra were
recorded using a Perkin Elmer Frontier FT-IR with attenuated total reflectance (ATR). Scanning
Electron Microscopy (SEM) was performed using a Hitachi S3000N variable-pressure SEM
equipped with a Quartz X-One energy dispersive spectrometry (EDS) system. A 10 mm diameter
sub-sample was cut out of treated paper samples and mounted on a 12 mm SEM stub covered
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with spectroscopically-pure, double-sided carbon tape. Imaging was carried out in back-scattered
electron mode.
Flame testing followed the procedure outlined in TAPPI Standard Method T461 cm-00,
using an apparatus fabricated according to the specifications given in the standard method. A
paper sample was suspended such that the lower edge would be 19 mm above the top of a
Bunsen burner inside the testing chamber. The burner was lit, and the flame adjusted to a height
of 40 mm. The flame was held in contact with the sample for 12 s and then withdrawn. After the
burner was withdrawn, the flame time (time the sample continued to sustain a flame) and glow
time (time the sample continued to have glowing embers) were measured.
The limiting oxygen index of paper samples were measured using a Govmark OI-1
Oxygen Index Module following American Society for Testing and Materials (ASTM) Standard
Test Method D2863. Within the testing apparatus, the top of the sample was lit evenly using a
natural gas burner. If the flame burned for longer than 180 s or if the flame traveled more than 80
mm before extinguishing, it was considered to be able to sustain a flame. Samples were
repeatedly tested in this manner until a final LOI value was determined.

6.4.3

Treatment of Paper Samples
All paper samples were pre-conditioned at 23 °C and 50% humidity in a controlled

temperature and humidity (CTH) room for 24 h before treatment. Representative example for
analysis of paper treated with 6.1 and 6.3 (15:15 wt%) by TAPPI Standard Method T461 cm-00:
A sheet of DSF paper (70 mm x 210 mm, 2.95 g) was coated on both sides with a solution of 6.1
(0.44 g) in water (10 mL), and allowed to dry overnight. The sample was then coated on one side
with a solution of 6.3 (0.22 g) in water (5 mL). After four hours the sample was dry enough to
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flip over, and an identical solution of 6.3 (0.22 g) in water (5 mL) was used to coat that side. The
sample was dried for 48 hours in a CTH room before further testing. The final mass of the
sample was slightly higher than the sum of the original sheet plus the masses of 6.1 and 6.3 used,
presumably due to the retention of water within the H-bonded network of 6.1:6.3. For the
preparation of samples for LOI analysis, samples were smaller (50 mm x 140 mm) but otherwise
treated in the same manner.

6.4.4

Preparation of 6.1:6.3 Composite
To a stirred solution of sodium carboxymethyl cellulose (6.3, 1.0 g, Mw = 90 000, DS =

0.7) in water (200 mL), a solution of 6.1 (1.0 g) in water (20 mL) was added, forming a white
precipitate. The solid was filtered through a coarse frit, yielding a colourless gummy solid. This
solid was sonicated in methanol followed by filtration and grinding with a mortar and pestle to
yield a fine white powder. Yield: 0.9 g.
CP/MAS 13C{1H} NMR (101 MHz): δ = 177 (COO-), 104 (C1), 74 (C2-6, C2’), 37 (NHCH2CH2-NH3). FT-IR (ATR) νmax (cm-1): 1031 (C-O), 1090 (C-N), 1187 (P=N), 1324 (CH2),
1417 (C=O), 1583 (C=O), 2900 (C-H), 3250 (O-H). Anal. found: C, 33.71%; N, 11.16%; H,
6.84%

6.4.5

Leaching of Paper Samples
The leaching of paper samples with room temperature, neutral pH water followed the

procedure given in TAPPI Standard Method T461 cm-00. Coated paper samples (70 mm x 210
mm for TAPPI T461cm-00; 50 mm x 140 mm for LOI) were placed in a 2000 mL beaker
covered with metal mesh. Deionized water was delivered through a glass tube passing through a
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small hole in the mesh to the bottom of the beaker until the beaker was filled, thereby completely
submerging the paper samples. The water flow was maintained for the desired length of time, at
which time the paper samples were removed, blotted dry, and conditioned in a CTH room for 48
h before testing.
For samples leached using boiling water, LOI-sized (50 mm x 140 mm) paper samples
were placed in a 1000 mL beaker filled with boiling distilled water and boiled for the desired
length of time before drying. Samples were also leached in the same manner using room
temperature solutions of strong acid or base at concentrations of 0.1 M HCl (pH = 1) or NaOH
(pH = 13), representing an approximately 100x excess of H3O+ or OH- compared to the
theoretical number ammonium-carboxylate pairs in each sample. Additionally, concentrations of
0.00001 M HCl (pH = 5) or NaOH (pH = 9) were used in the same manner, representing an
approximately 100x excess of the ammonium-carboxylate pairs. For leaching tests done with 8 L
of 0.1 M acid or base, large plastic buckets were used.

6.4.6

Preparation of [N3P3(OPh)5NH(CH2)2NH3][CyCOO] (6.5)
To a stirred solution of pentaphenoxy(2-aminoethyl)aminophosphazene (6.4) (0.25 g,

0.379 mmol) in dichloromethane (1 mL), cyclohexanecarboxylic acid (49 mg, 0.379 mmol) was
added. Removal of solvent in vacuo yielded the product as an off-white solid. Yield: 0.30 g,
>99%.
1

H NMR (400 MHz, CDCl3): δ = 8.04 (br s, 3H, NH3), 7.30-6.93 (m, 25H, Ar-H), 4.57

(br s, 1H, NH), 2.87 (m, 2H, PNHCH2), 2.70 (m, 2H, CH2NH3), 2.20 (tt, 1H, CHCOO), 1.941.17 (m, 10H, (CH2)5);
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P NMR (162 MHz, CDCl3): δ = 18.5 (tt, 2JPP = 74 Hz, 3JPH = 13 Hz,

P(OPh)(NH)), 9.45 (d, 2JPP = 74 Hz, P(OPh)2);

13

C{1H} NMR (101 MHz, CDCl3): δ = 183 (s,
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COO), 151 (m), 129 (s), 125 (s), 121 (s), 45 (s, C-COO), 41 (d, 2JCP = 5 Hz, P-NH-CH2), 39 (s,
CH2NH3), 30 (s, Cy-CH2), 26 (s, Cy-CH2), 25.8 (s, Cy-CH2); HRMS (ESI-TOF) m/z: [M]+ Calcd
for C32H33N5O5P3 (cation) 660.1695; Found 660.1711; Anal. Calcd for C39H44N5O7P3: C, 59.47;
H, 5.63; N, 8.89 Found: C, 59.41; H, 5.54; N, 8.59; FT-IR (ATR) νmax (cm-1): 3042, 2922, 2850,
1590, 1487, 1455, 1408, 1252, 1223, 1152, 1069, 1023, 1007.
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Chapter 7: Summary and Future Work

7.1

Phosphorus-Containing Polymers as Flame Retardants
While the use of phosphorus-containing polymers as non-leachable flame retardants

remains popular, the reality of inorganic polymer synthesis can limit their application. In Chapter
2 the use of poly(methylenephosphine)s, polymers derived from phosphaalkenes, as nonleachable flame retardants for paper was reported. Although they were found to be moderately
effective, the complex, multistep synthesis of these polymers makes them inconvenient. For this
reason, attention should turn towards known phosphorus-containing polymers that can be
synthesized in few steps. As discussed in Chapter 1, polyphosphazenes are already well
established as flame retardants.45,

46

Polyphosphazenes are easily synthesized by thermal ring-

opening polymerization of hexachlorophosphazene (7.1) to form poly(dichlorophosphazene)
(7.2, Scheme 7.1). The properties of the resulting polyphosphazene can be tuned by nucleophilic
substitution of 7.2 to yield substituted polyphosphazenes (7.3).
Cl Cl
P
N
N
P Cl
Cl P
N
Cl
Cl

250 °C

7.1

Cl
P N
Cl
n
7.2

Nu-

Nu
P N
Nu n
7.3

Scheme 7.1: Synthesis of polyphosphazenes (7.2-7.3) by ring-opening polymerization of hexachlorophosphazene
(7.1) followed by nucleophilic substitution.

In Chapter 3, the microstructure of polymers resulting from the anionic polymerization of
phosphaalkenes was confirmed to match that of polymers from radical initiation. Using this
information along with data from model chemistry and kinetic experiments, an addition133

isomerization mechanism was postulated. Some questions remain, however, as to the possibility
of alternative mechanisms during the polymerization. The presence of such mechanisms is hinted
at by the observation that at high levels of conversion the reaction rate speeds up at lower
temperatures, but slows down at higher temperatures.157 Whether this is indicative of simple
addition or another mechanism is unknown, thus further experiments are needed. Lastly, linear
phosphaalkene dimers have never been isolated, and are of great interest whether they represent
the simple addition mechanism (7.4) or an addition-isomerization mechanism (7.5).
Bu
Ph CHPh2
P C P
Mes
Ph Mes
Bu

P CHPh2

P CHPh2
Mes

7.4

7.2

7.5

Phosphazene-Based Non-Leachable Flame Retardants
Chapter 4 presented the synthesis of hexakis(2-aminoethyl)aminophosphazene (7.6), a

highly functional phosphazene-based flame retardant for cellulosic materials. Setting aside the
issue of its leachability which was addressed in later chapters, phosphazene 7.6 was found to be a
highly effective flame retardant, thus in that respect it is a success. Future work should therefore
not focus on trying to improve the flame retardancy of 7.6 by tweaking its structure, but instead
on improving its synthesis and purification. While the current procedure is simple, the end
product is contaminated with large amounts of ethylenediamine hydrochloride. Although this
impurity does not appear to greatly hinder the flame retardancy of 7.6, conceivably its
performance would only increase if it could be isolated in greater purity.
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In Chapter 5, the carbodiimide coupling of 7.6 to carboxylate-functionalized wood pulp
was attempted in order to render it non-leachable by direct covalent linkage. Although model
chemistry indicated that this coupling was feasible, handsheets made from phosphazenemodified pulp was found to be only modestly flame retardant. In light of these results as well as
those from the next chapter, this approach is perhaps not the most promising for future
investigation. Despite this, in principle the flame retardant performance could be improved by
increasing the carboxylate content of the BTMP such that more 7.6 can be coupled to the pulp.
Additionally, as has already been discussed, if higher purity 7.6 can be obtained and used in the
coupling, this too should improve the flame retardant properties of the resulting handsheets.
Lastly, Chapter 6 reported the use of 7.6 in combination with carboxymethyl cellulose as
a two-part flame retardant coating for cellulosic materials which relies on both ionic and Hbonding interactions to render the flame retardant non-leachable. This system was found to be
highly effective as a flame retardant, and its performance unexpectedly increased after leaching
with water. Other than the previously discussed benefit of using more pure 7.6, the leaching
performance of this system could be improved by modifying 7.6 to create a greater degree of Hbonding interactions between the two components. For example, the primary amines of 7.6 could
be

converted

to

guanidines

in

a

simple

one

step

procedure

to

yield

a

hexa(guanidino)phosphazene derivative (7.7, Scheme 7.2), effectively increasing the number of
H-bond donors.
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Scheme 7.2: Synthesis of a hexa(guanidino)phosphazene (7.7) derivative using S-methylisothiourea hemisulfate
salt.

Altering the H-bond acceptor, for example by using more highly substituted
carboxymethyl cellulose, can also influence the degree of H-bonding. From a logistical
perspective, using carboxymethyl cellulose of a lower molecular weight would be more
convenient due to higher solubility. Additionally, although the ability of carboxymethyl cellulose
to bind to cellulose is thought to aid in the prevention of leaching, other potential polymers have
not been explored. Common anionic polyelectrolytes include sodium polystyrene sulfonate (7.8)
and sodium polyacrylate (7.9). Particularly intriguing is the potential use of phosphoruscontaining anionic polyelectrolytes such as ammonium (7.10) or sodium (7.11) polyphosphate,
or poly(vinylphosphonic acid) (7.12). With phosphorus in both components of the flame
retardant system, in principle less material can be used to achieve the same level of flame
retardancy.
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Lastly, this thesis has given a purely academic analysis of the efficacy of several
strategies for rendering phosphorus-based flame retardants non-leachable, and from that
perspective this research has largely been successful. However, given the strongly applicationdriven goals of this project, the results of current or future research could be completely
irrelevant if not commercially feasible. Moving forward, the continued success of this project
therefore depends upon the amenability of these techniques to commercialization. This will
largely depend on factors such as the cost of the syntheses involved. The lengthy syntheses of the
phosphaalkene-derived polymers in Chapter 2 have already been alluded to, but the synthesis of
7.6 could also be an issue. Although phosphazene 7.6 is synthesized in a single step from
hexachlorophosphazene (7.1), both the starting material (7.1) and the reaction solvent (THF) are
moderately expensive. Future work in this project should focus on developing new flame
retardant compounds structurally similar to 7.6, but synthesized from cheaper starting materials.
For example, phosphoramide 7.14 retains the multiple amino groups of 7.6 but instead is
synthesized from phosphorus(V) oxychloride (7.13), a much less expensive starting material than
phosphazene 7.1 (Scheme 7.3). While the synthesis of 7.14 has been reported previously, its use
as a flame retardant has only been investigated as a cross-linking agent for epoxides.226-228
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Scheme 7.3: Synthesis of a tris(amino)phosphoramide (7.14) from phosphorus(V) oxychloride (7.13)
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