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Abstract

Cellulose is the most abundant polymer found on Earth. About33 % of all plant matter is

made up of cellulose. Nowadays it is hard to think of life without cellulose being the main

component of paper, natural textiles and wood. With the rapid improvement of living

standards, the consumption of these materials has increased swiftly, therefore demanding

more strict and rigid safety requirements. This has put forward the challenge to the

scienti�c community to develop methods for mitigating the risks which arise from burning

cellulosic materials, in particular textiles.

What can render cellulose �ame retardant (FR)? A vast amountof chemical compounds

exist that can provide cellulose with excellent FR properties, be it halogen-, antimony-,

boron- or phosphorus-containing molecules. All these compounds have their advantages

and disadvantages. The class of FRs we will be focusing on in the present work are

organophosphorus compounds being widely used for cellulose and cellulosic materials.

The chemically active site in these compounds is phosphorus. Phosphorus is able to

phosphorylate cellulose upon thermal treatment, thus preventing its full degradation and

liberation of heat. Addition of nitrogen can facilitate this process and hence, improve the

FR behaviour of cellulosic materials to a great extent (phosphorus-nitrogen synergism).

Nitrogen can be introduced as an additive using urea derivatives, melamine formaldehyde

or guanidine or it can be incorporated in the FR molecules like in various phosphoric

amides.

A great variety of papers have been published in the literature, dealing with the investiga-

tions on potential �ame retardants for cellulose, where nitrogen is present in the molecule

together with phosphorus. After discovery of 3-(dimethylphosphono)-N-methylolpropion-

amide in 1940s, better known under its commercial name Pyrovatex©, organophosphorus

iii
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compounds with nitrogen in their structure have attracted particular attention. Therefore,

a great number of publications deal with the research directed on search of best �ame re-

tardant agent without a�ecting the physical properties of textiles like sti�ness, mechanical

strength and air permeability. However, there exists no systematic study to this day where

the e�ect of nitrogen (being incorporated in the molecule) on the �ammability of cellulose

would be shown. It is still not clear, whether the phosphorus-nitrogen synergism or struc-

tural e�ects play the major �ame-retarding role in phosphorus- and nitrogen-containing

compounds. In several studies it was observed that the bonding of phosphorus to di�erent

elements a�ects the overall FR properties of compounds. In other studies, it was found

that the presence of some functional groups like hydroxyls in�uences the performance of

compound as FR for cellulose. However, none of these studiescame up with a systematic

investigation on the FR properties of materials in relationto their structure.

The main goal of the present study is to explore the structure-property relationship in

P-N-containing compounds and to correlate structural changes with the changes in �ame

retardant behaviour. The studies have been carried out on twenty di�erent organophos-

phorus compounds. As a core structure, the structure of phosphoric acid has been taken

and the hydroxyl groups were substituted either with alkyl-or aryl ester groups, alky-

lamino, hydroxyalkylamino and/or aminogroups.

The molecules investigated in this study were selected suchthat structural di�erences

between them were minor. This allowed us to attribute changes in the FR properties

to the speci�c structural variations. In the present study, the structural changes were

correlated to FR properties and following e�ects were qualitatively analyzed:

� bonding of phosphorus to hydrogen, carbon, oxygen and nitrogen,

� impact of alkyl chain length attached to phosphorus atom,

� in�uence of the nature of aminogroup - primary, secondary ortertiary,

� e�ect of hydroxyl group,

� e�ect of substituting the hydroxyl group to methoxy group,

� impact of the number of aminogroups.
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FR properties and thermal behaviour of cellulose treated with above mentioned compounds

were investigated using various analytical and thermal techniques. The morphology of

charred cellulose was analyzed using SEM. Elemental analysis was implemented to get

further insights into the composition of the chars. Further, degradation of organophos-

phorus compounds was studied using NMR, and attempts to explain the decomposition

mechanism have been performed.

The FR behaviour of treated cellulose was correlated to the structural arrangement of

the functional groups which allowed to establish several interesting structure-property

relationships. The FR properties were found to be a functionof not only the carbon

content in the phosphoramidate molecule, but also the chemical nature of carbon (alkyl

vs. aryl phosphoramidates). Moreover, presence of reactive functional groups such as

amino- or/and hydroxygroups was found to be advantageous asthe interaction of these

groups with cellulose prior to combustion was determined. As a result of such interaction

improved FR properties were established. Increased nitrogen content in the phospho-

ramidate molecule was shown to have a positive impact on the FR properties of treated

cellulose. Investigations performed in the present Thesisrevealed the multi-dimensional

character of the relationship between structure of phosphoramidates and their FR action.



Zusammenfassung

Zellulose ist das am weitesten verbreitete Polymer auf der Erde. Über 33 % des gesamten

P�anzenmaterials (Biomasse) besteht aus Zellulose. Heutzutage lässt sich ein Leben ohne

Zellulose kaum mehr vorstellen, ist sie doch Hauptbestandteil von Papier, natürlichen Tex-

tilien und Holz. Der Verbrauch dieser Materialien hat sich mit der rapiden Verbesserung

des Lebensstandards sehr schnell erhöht, was strengere Sicherheitsanforderungen mit sich

brachte. Die Wissenschaftler sind daher gefordert, Methoden zur Verringerung der Risiken

zu entwickeln, welche aus der Verbrennung von Zellulose-Materialien und insbesondere

Textilien entstehen können.

Wie kann Flammstabilität (FS) bei Zellulose erzielt werden? Es gibt eine Vielzahl chemis-

cher Verbindungen, die zu hervorragenden Flammschutz-Eigenschaften führen, wie beispiel-

sweise Halogen-, Antimon-, Bor- oder phosphorhaltige Moleküle. Alle diese Verbindungen

haben ihre Vor- und Nachteile. In der vorliegenden Arbeit haben wir uns auf phosphoror-

ganische Verbindungen konzentriert, da diese Klasse von Flammschutzmitteln am häu�g-

sten für Zellulose und zellulosehaltige Materialien verwendet wird. Das chemisch-aktive

Zentrum in diesen Verbindungen ist Phosphor. Phosphor ist in der Lage, Zellulose bei der

thermischen Behandlung zu phosphorylieren und somit seinevollständige Zersetzung und

damit Freisetzung von Wärme zu verhindern. Zugabe von Sticksto� unterstützt diesen

Vorgang und verbessert somit das Flammschutz-Verhalten von zellulosehaltigen Mate-

rialien wesentlich (Phosphor-Sticksto� Synergismus). Sticksto� kann als Additiv unter

Verwendung von Harnsto�-Derivaten, Melamin-Formaldehyd- oder Guanidin eingeführt

werden, oder es kann in die FS-Moleküle analog wie in verschiedene Phosphorsäuren-

Amide integriert werden.

In der Literatur wurde eine grosse Vielfalt von Studien verö�entlicht, die sich mit der Un-
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tersuchung von potentiellen Flammschutzmitteln für Zellulose, wo Sticksto� im Molekül

zusammen mit Phosphor präsent ist, beschäftigen. Nach Entdeckung von 3-(Dimethyl-

phosphono)-N-methylolpropionamid in den 1940-er Jahren,besser bekannt unter dem

Handelsnamen Pyrovatex©, haben phosphororganische Verbindungen mit Sticksto� in ihrer

Struktur besondere Aufmerksamkeit erhalten. Es beschäftigen sich viele Publikationen

mit der Forschung nach den besten Flammschutz-Agenten, welche die physikalischen

Eigenschaften von Textilien wie Steifheit, Festigkeit undLuftdurchlässigkeit nicht treu-

�ussen. Allerdings existiert bis heute keine systematische Untersuchung, in welcher die

Wirkung von Sticksto� (eingebaut in das FS-Molekül) auf derEnt�ammbarkeit von Zel-

lulose angezeigt wird. Es ist immer noch unklar, ob der Phosphor-Sticksto�-Synergismus

oder strukturelle E�ekte eine wichtige Rolle in Phosphor- und Sticksto�haltigen Verbindun-

gen spielen. In mehreren Studien wurde beobachtet, dass dieBindung von Phosphor zu

verschiedenen Elementen die gesamten Flammschutz-Eigenschaften der Verbindung bee-

in�usst. In anderen Studien wurde festgestellt, dass die Präsenz bestimmter funktioneller

Gruppen wie Hydroxyl sich auf die �ammhemmende Leistung derVerbindung für Zellulose

auswirkt. Allerdings wurden in keiner dieser Studien die Flammschutz-Eigenschaften von

Werksto�en im Hinblick auf ihre Struktur systematisch untersucht.

Das Hauptziel der vorliegenden Studie liegt deshalb darin,die Struktur-Eigenschaften-

Beziehungen in P-N-haltigen Verbindungen zu erforschen und strukturelle Veränderungen

in Relation zu den Veränderungen im �ammhemmenden Verhalten zu setzen. Die Un-

tersuchung wurde an zwanzig verschiedenen phosphororganischen Verbindungen durchge-

führt. Als Kernstruktur wurde die Struktur der Phosphorsäure genommen und die Hydrox-

ylgruppen wurden entweder mit Alkyl- oder Aryl Estergruppen, Alkylamino, Hydroxyalkyl-

amino- und/oder Aminogruppen ersetzt.

Die in dieser Studie untersuchten Moleküle wurden zudem so gewählt, dass strukturelle Un-

terschiede zwischen ihnen gering waren. Dies erlaubte uns,Änderungen in den �ammhem-

menden Eigenschaften den vorgenommenen strukturellen Veränderungen zuzuschreiben.

In der vorliegenden Studie wurden die strukturellen Veränderungen mit den Flammschutz-

Eigenschaften korreliert, wobei folgende Auswirkungen qualitativ analysiert wurden:

� Chemische Bindung von Phosphor zu Wassersto�, Kohlensto�,Sauersto� und Stick-

sto�,
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� Auswirkungen der Alkylkettenlänge,

� Ein�uss der Art der Aminogruppe - primäre, sekundäre oder tertiäre,

� Wirkung von Hydroxyl-Gruppen,

� Wirkung des Substituierens der Hydroxylgruppe an Methoxygruppe,

� Auswirkungen der Anzahl der Aminogruppen.

FS-Eigenschaften und das thermische Verhalten von Zellulose, welche mit oben genan-

nten Verbindungen behandelt wurde, wurde mit verschiedenen analytischen und ther-

mischen Techniken untersucht. Die Morphologie der verkohlten Zellulose wurde mittels

Rasterelektronmikroskopie analysiert. In dieser Analyse-Phase wurde zusätzlich die El-

ementenanalyse eingesetzt, um weitere Einblicke in die Zusammensetzung der Asche zu

erhalten. Weiter wurde der Abbau der phosphororganischen Verbindungen mittels Kern-

magnetischen Resonanzspektroskopie (NMR) untersucht. Als Resultat wurden mögliche

Erklärungen für die Zersetzungs-Mechanismen diskutiert.

Das �ammhemmende Verhalten der behandelten Zellulose wurde mit der strukturellen

Anordnung der funktionellen Gruppen korelliert, was einige interessante Struktur-Eigen-

schaft-Beziehungen zu etablieren erlaubte. Es wurde gefunden, dass die Flammschutz-

Eigenschaften eine Funktion nicht nur vom Kohlensto�gehalt im Phosphoramidat-Molekül,

sondern auch von der chemischen Natur des Kohlensto�s (Alkyl und Aryl Phosphorami-

daten) sind. Ausserdem hat sich die Präsenz der reaktiven funktionellen Gruppen wie

Amino- oder/und Hydroxygruppen als vorteilhaft erwiesen,da die Wechselwirkung dieser

Gruppen mit Zellulose vor der Dekomposition nachgewiesen wurde. Als Ergebnis solcher

Wechselwirkungen wurden verbesserte Eigenschaften der Phosphoramidaten etabliert. Ein

hoher Sticksto�gehalt in den Phosphoramidat-Molekülen hatte eine positive Auswirkung

auf die Flammschutz-Eigenschaften behandelter Zellulose. Untersuchungen, die in der

vorliegenden Dissertation durchgeführt wurden, zeigten den multidimensionalen Charak-

ter der Beziehung zwischen Struktur der Phosphoramidate und ihres �ammhemmenden

Verhaltens.





Abbreviations

ATR Attenuated Total Re�ectance

bp boiling point

Cell cellulose

DAP dialkyl- and diarylphosphoramidates

DCM dichloromethane

DEE diethyl ether

EDX energy dispersive X-ray

e.g. for example (latinexempli gratia)

ESI electrospray ionization

EtOH ethanol

FR �ame retardant

FT-IR Fourier Transform Infrared Spectroscopy

GC Gas Chromatography

h hour

ICP-OES Inductively Coupled Plasma � Optical Emission Spectroscopy
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xii Abbreviations

i.e. in other words (latin id est)

LC Liquid Chromatography

LOI Limiting Oxygen Index

MCC Microscale Combustion Calorimetry

min minute

mp melting point

MS Mass Spectrometry

MW molecular weight

NMR Nuclear Magnetic Resonance

SEM Scanning Electron Microscopy

t time

TEA triethylamine

TGA Thermogravimetric Analysis

THF tetrahydrofuran

THPOH tetrakis-(hydroxymethyl)-phosphonium hydroxide



Symbols

� heating rate

� char yield

h0
c total heat of combustion

Q(t) heat release rate

Ns nitrogen content in the compound

Pn target phosphorus content

Pp phosphorus content measured before combustion

Pr phosphorus content measured after combustion

Ps phosphorus content in the compound

Pt calculated phosphorus content

T temperature

W weight uptake

� relative humidity
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Chapter 1

Introduction

The main disadvantageous property of most organic polymeric materials that restrains

their industrial application is their high �ammability. Ac cording to the �re statistics,

the number of �res increased as a consequence of the more widespread consumption of

polymeric materials. The European population (ca. 700 millions inhabitants) experiences

approx. 2.5 million reported �res annually, resulting in 20'000 to 25'000 �re fatalities and

250'000 to 500'000 �re injuries every year (Centre of Fire Statistics of the International

Association of Fire and Rescue Competency CTIF, 2006).

Fig. 1.1 re�ects the statistical data on the number of annualfatalities per million for various

European countries. About 80% of all �res globally take place in dwellings (Centre of Fire

Statistics of CTIF, 2006). While about 20% of those �res are caused by textiles being

the material �rst ignited, over 50 % of all fatalities are caused by these �res [1]. Burning

textiles, especially those based on the natural cellulosic�bres as cotton and linen expose

serious hazards in such �res, because of their ease ignitionand rapid �re propagation.

The hazards related to textile �res were recognized alreadyin early civilizations, and

the search for FRs for fabrics goes back over 300 years. The �rst patent for a textile

�ameproo�ng process was applied in 1735 by Jonathan Wyld [2]for a mixture containing

�allom, borax or vitreol� to �ameproof �paper, linen, canva ss and similar substances�.

Task-oriented research in the area of �ame retardant cottondates back to the early 19th

century. Gay Lussac (1820) discovered the ability of ammonium salts of phosphoric acid

to �ame retard linen fabric. Perkin (1913) conducted research on �ameproo�ng of �an-

1
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Figure 1.1 Annual �re fatalities in Europe per million inhabitants (Ne therlands Institute for
Safety, 2010)

nelette and de�ned the requirements for �ameproo�ng processes [3]. A detailed overview

of historical developments since that time until 1960's canbe found in the book by Lyons

[4]. Investigations of the later period are reviewed by Lomakin [5].

The requirements for FR materials are steadily changing andexpanding. Whereas in the

1950's �ame retardancy was considered important only for apparel and building materials,

nowadays various products of electronic, automotive, aircraft and aerospace industries

require new FR treatments to meet stringent governmental regulations. Obtaining FR

cotton fabrics is still a great challenge for the scienti�c community, as FR cotton fabrics

need to withstand more than 50 hot alkaline launderings in soft and hard water. It is also

important for treated cotton fabric to retain most of its tensile, tear and burst strength,

as well as resistance to abrasion. Further requirements arenot to lose its soft hand, air

permeability, appearance and dyeability. No medical problems must arise after treating

cotton �ame retardant. Additionally, the industrial requi rement such as low cost is also

to be ful�lled, as it is essential in manufacturing of FR textiles.
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1.1 Flame retardants for cellulose

Cellulosic fabrics can be rendered �ame retardant by a number of compounds. These in-

clude halogens and antimony combinations (combinations based on antimony oxide Sb4O6

and chlorine bearing compounds), boron compounds (e.g., borax H3BO3 alone and in

combination with ammonium phosphates), sulfur compounds (e.g., urea sulfamates), salts

of di�erent metals (e.g., zinc , calcium, magnesium, aluminum chlorides) and phosphorus

compounds (inorganic salts like ammonium phosphate [6, 7, 8, 9], phosphine oxides [10],

polyphosphates [11, 7, 12, 8], phosphates [13, 14], phosphorylamides [4], phosphorimides

[15, 16, 17, 18, 19, 20, 21] etc.).

All FR cottons are usually produced by after-treating fabrics chemically as a textile �nish-

ing process [1]. Two kinds of impregnations can be easily recognized: physically adsorbed

species present at the surface which can easily be washed away (e.g. ammonium phos-

phates, polyphosphate and bromide; borate-boric acid mixtures), and chemically bonded

species, which impart a degree of permanency to the treated fabrics (e.g. alkylphospho-

namide derivatives, tetrakis-hydroxymethyl phosphoniumsalt condensates) [22].

P

N

N N

O

tris(aziridinyl) phosphine oxide (APO)

P

OH

HO

HO

OH
Cl

tetrakis hydroxymethyl
phosphonium chloride (THPC)

P

O

MeO
MeO O

H
N OH

3-dimethylphosphono-
N-(methylol)propionamide

Figure 1.2Commercial �ame retardants for cellulosic materials

Particular attention was attracted to FR that can be chemically bonded to cellulose.

Fig. 1.2 presents the most successful commercial FRs for cellulose. The FR formulations on

the basis of tris(aziridinyl)-phosphine oxide (APO) were developed by the U.S. Department

of Agriculture and by Dow Chemical Co (USA) in 1950's. APO wasused in combinations

with urea, ethylenediamine, carboxylic acids etc. Cotton fabrics treated with it showed

excellent durability to laundering [23]. However, the production was discontinued later in

1970's mainly because of the toxicity of APO and high production costs.

A little later FR formulations based on tetrakis-(hydroxymethyl)-phosphonium chloride
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(THPC) were introduced. THPC was combined with melamine, urea, sodium hydroxide

etc. and applied to cotton to render it �ame retardant. The main di�culty with THPC

was the release of HCl during curing step, so the chlorine wasexchanged for hydroxide and

tetrakis hydroxymethyl phosphonium hydroxide (THPOH) wasobtained. A commercially

available FR system based on THPOH is Proban© developed by Rhodia (UK).

Another commercial product is Pyrovatex©, developed by Ciba-Geigy (Switzerland). The

basis of Pyrovatex© is 3-(dimethylphosphono)-N-methylolpropionamide. Treatment of cot-

ton with Pyrovatex© gave outstanding results in durability to multiple launderings. The

main disadvantage, however, is the release of formaldehydeduring curing procedure, which

is associated with health risks during processing and end use. FR formulations based on

Pyrovatex© are still widely used with novel additives, aimed at the reduction of formalde-

hyde release. However, the quest for a truly formaldehyde-free durable and e�ective FR

for cellulosic materials in particular remains a challenge. Pyrovatex© is successful not only

because it is capable of reacting with cellulose.

Pyrovatex© shows excellent FR properties also due to the nitrogen incorporated in the

molecule. The interaction of phosphorus and nitrogen is believed to produce a more

e�ective catalyst for the dehydration of cellulose, which in turn leads to a decrease of

combustible volatiles, increase in char formation and to greater phosphorus retention in

char. The importance of nitrogen has been emphasized by manyresearchers in the phe-

nomenon called phosphorus-nitrogen synergism [24, 25, 26,14]. One speaks of synergism,

if the combined action of phosphorus and nitrogen is severaltimes higher than the action

of either of the elements alone. Littleet al. have studied the FR properties of cellulose

treated with phosphoric acid and urea and has observed, thata lower loading of both acid

and urea was su�cient to reach the same FR e�ect as if the compounds were used sepa-

rately [27]. Joneset al. have shown the importance of nitrogen by investigating the FR

properties of phosphates [28]. They found that increasing the nitrogen content improved

the FR properties. Further studies con�rmed this �nding [29]. Therefore, the search for

molecules with good FR properties should be directed towards the class of organophos-

phorus compounds having both nitrogen and reactive sites intheir structure. In order

to �nd a way to develop FRs, it is essential to understand how currently available FR

function and to explore the reactions taking place during combustion.
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1.2 Mode of action of phosphorus �ame retardants

on cotton

The �ammability of any material is determined by its ability to ignite and spread the

�ame during the combustion process. In the �aming combustion of an organic polymer,

the �rst stage can be regarded as pyrolysis of the polymer in the condensed phase to give

volatile combustible products (Fig. 1.3). These products then mix with the surrounding

air or other gaseous oxidants and the resulting mixture burns in the gas phase, giving rise

to �nal combustion products and liberating heat, at least some of which is transferred

back to the polymer to continue the cycle [30].

The primary role of FR is to interrupt this mechanism. According to Horrocks [15], this

can be accomplished in several ways:

� enhancement of decomposition temperature;

this mode of action is not exploited by conventional FRs as itis usual for materials

with inherent heat-resistant properties (e.g, Kevlar fabric, aramides);

� dilution of �ame or decreasing formation of �ammable volatiles;

typical for halogen-containing FRs that release hydrogen halide and thus quench the

free radicals;

� increasing formation of char.

This mode of action is characteristic for most phosphorus- and nitrogen-containing

FRs in cellulose and wool.

This classi�cation is usually simpli�ed to the terms 'condensed' and 'gas or vapor' phase

modes of action. Both terms are composite: if the formation of �ammable gases is de-

creased during the combustion, one says the FR acts in a gas phase. If the increase in

char is observed, the FR is acting in a condensed phase. FR acting in condensed phase are

believed to be the most-e�ective, as they promote char formation by converting organic

material to char and hence reduce volatile (e.g. fuel) formation [30]. In addition, char can

function as a thermal barrier between the condensed and the gas phases which prevents



6 Chapter 1. Introduction

Figure 1.3 Combustion as a feedback mechanism (adopted from [1])

heat transfer back to the pyrolyzing polymer and inhibits the generation of gaseous fuel.

FRs which act in this way usually catalyze the formation of char on the polymer surface

[31]. In order to understand the char formation during the combustion of treated cellulose,

it is important to know, which stage of cellulose combustioncan be interfered by FR to

produce char instead of combusitble volatiles.

1.3 Cellulose and its decomposition

In cellulose, the most abundant polymer (about 30 % of all live matter), two structures

are distinguished: primary and secondary. The primary structure of cellulose consists of

� -1,4-linked glucopyranose units in alternating orientation in a linear chain (Fig. 1.4). In

its native form such as cotton, the degree of polymerizationof cellulose is believed to vary

from 800 to 10'000 units.
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Figure 1.4Chemical structure of cellulose

The secondary structure of native cellulose is thought to comprise crystalline (highly or-

dered) and amorphous (disordered) regions. The ratio of crystalline to amorphous struc-

tures is around 70:30. Crystalline cellulose is stabilizedby extensive hydrogen bonding

between parallel chains, involving the hydroxy groups and the hemiacetal (ring) oxygen

Fig. 1.5. These groups in the glucopyranose units of the crystalline regions are therefore

relatively unreactive compared to those in the amorphous regions.

Figure 1.5 Hydrogen bonding in cellulose

Numerous studies which have been conducted on the thermal degradation of cellulose have

been motivated by the search for �ame retardant textiles [32, 33, 34, 35, 36, 37, 38, 39].
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It was shown, that the thermal decomposition of cellulose proceeds through several stages

(Fig. 1.6). The �rst stage occurs at low temperatures (25 � 150� C) and is characterized

by the desorption of physically absorbed water (Fig. 1.6). During the second stage at

150 � 240� C, dehydration of cellulose along the chain of glucose unitsoccurs to form

the fragments containing carboxyl groups. At the temperature interval 240 � 400� C par-

allel reactions of depolymerization (intramolecular transglycosylation with breaking of

the glycosidic linkage) and dehydration are taking place (third stage). Levoglucosan (1,6-

anhydro-� -D-glycopyranose) is formed [6, 40, 41] at this step, which gives rise to �ammable

tars. Between 240 � 280� C the reaction is mainly intermolecular dehydration. At thetem-

peratures 280 � 400� C dehydration is combined with decarboxylation and decarbonylation.

The major part of thermal degradation occurs above 280� C, resulting from thermal scis-

sion of C�C and C�O bonds. Bond-breaking may occur either within the ring or at the

glycosidic linkage between the individual monomer units [35]. At this stage, a complete

breakdown of the molecular structure of dehydrocellulose occurs with the formation of

volatile organic species, including carbon dioxide, carbon monoxide, water and a carbona-

ceous char [43]. As a last step, aromatization of carbonaceous intermediates occurs at

temperatures of 400 � 700� C.

The formation of levoglucosan and thus the reduction of combustible volatiles can be

minimized or eliminated by introduction of FRs. FR are state-of-the-art additives, which

are able to catalyze dehydration reaction in the direction of CO and CO2 formation [44].

Phosphorus compounds presumably act by reducing the pyrolysis temperature of cellu-

lose, thus favouring the dehydration pathway of decomposition. However, the chemical

mechanism for the reduction of combustible volatile products involves not only the ability

of the FR to inhibit the formation of levoglucosan and to catalyze dehydration of the

cellulose, but also its potential to enhance the condensation of char to form cross-linked

and thermally stable cyclic aromatic structures [45, 33, 34].

The most accepted theory nowadays is that the phosphorus compounds are acid precursors

and that the acids perform key functions [46]. These acids are non-volatile at the tem-

perature of burning cellulosic �bres (420� C) and can act as dehydration catalysts. The

phosphorus acid is believed to participate by actually phosphorylating the cellulose [47].

Phosphorylation is postulated via alcoholysis of an acidicP�O�P linkage. This reaction
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is known to proceed rapidly at low temperatures [48].

The hydroxyls at C-2 and C-3 positions in cellulose are normally participants via hydrogen

bonding in linkages with neighboring cellulose molecules [46], so that it is believed the

reaction to happen at the C-6 atoms of the glucosydic units. While considerable research

has been undertaken into char formation of �ame retarded cellulose, the actual mechanisms

of both unretarded and retarded cellulose charring are not well understood yet [49].

In an experimental study of the combustion of a polymer material it is especially im-

portant to investigate all the stages in which phase and chemical transformations of the

substance are taking place. The complete scheme of the combustion process could be de-

duced from the study of such characteristics as the thermal properties of treated materials,

the morphological structure of the burning surface, the heat liberation and heat losses,

the structural transformations during the thermal heating or combustion. In the next

section, methods for the investigation of �ame retardant behaviour of treated cellulose are

introduced.

1.4 Methods for investigating the �ame retardancy

The methods of assessing polymer combustibility can be subdivided into following types

which are ignitability, �ame spread and smoke tests, limiting oxygen index test (LOI),

calorimetric, thermal analysis methods [5] and hyphenatedtechniques like TGA-FTIR for

the detailed studies of the combustion products. Only methods involved in the present

Thesis are described further.

1.4.1 Limiting oxygen index test

The limiting oxygen index (LOI) test is normally used to measure the relative �ammability

of material under carefully controlled conditions. It actually serves as a measure of the

extinction ease of the materials. In this test, the sample isburned in a vertical downward

direction in an oxygen-nitrogen atmosphere of controlled composition (Fig. 1.7). The oxy-

gen content of the gas mixture is reduced until the atmosphere is no longer able to support
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the combustion of the sample, and as a result extinction occurs. This minimum oxygen

concentration is termed LOI. Highly �ammable materials have low LOI values, and less

�ammable materials have higher LOI values.

Figure 1.7Schematic representation of the LOI testing equipment

The LOI is de�ned as

LOI =
[O2]

[O2] + [ N2]
(1.1)

LOI is material speci�c and relatively insensitive towardschanges in the sample dimen-

sions. Samples to be tested are normally sized to 5 x 15 cm. Thetest is very fast, no

special preparations are necessary. These advantages makethe LOI test to be widely

used by many researchers as primary estimation of the �ame retardant properties of the

material.

However, attention should be paid to temperature during themeasurement, as the LOI

values decrease with increasing temperature. Since the temperature in �re situation is

almost always above ambient, and the burning is most likely to occur in upward direc-

tion, the true �ammability hazards are usually greater than re�ected by the LOI values
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[31]. Nevertheless researchers have been using this test for a long time since the required

equipment is inexpensive and relatively small sample size is used.

1.4.2 Microscale combustion calorimetry

Measuring the amount of heat which is released from a burningmaterial and the tem-

perature at which this heat is released provides important parameters for assessing the

�ammability of materials. The rate at which heat is releasedby a burning material is

the single most important parameter determining its hazardin a �re, particularly in an

enclosed space such as a building, a ship, or an aircraft cabin [50]. This heat release rate

Q(t) can be determined using calorimetric techniques. However, heat release rate is di�-

cult to quantify in �re calorimeters, because the test results depend on the external heat

�ux, sample thickness, sample orientation, edge conditions, ventilation rate etc.

Microscale Combustion Calorimeter, developed by Lyon and Walters [51, 52, 53, 50], was

used to determine �ammability parameters of various samples. It became an interna-

tional standard ISO 5660-1. The MCC method has been established as a standard ASTM

method (ASTM 7309) for the analysis of solid materials. MCC measurements yield high

repeatability with coe�cients of variation for three and more replicated measurements

less than 3 % [54]. TheQ(t) measured by MCC using controlled pyrolysis and complete

combustion of the fuel gases depends only on the material being tested [55].

The principle of this instrument is relatively simple (Fig.1.8). The sample (usually 1-

5 mg) is placed in the pyrolyzer, where it is heated from ambient temperature to 750� C

in nitrogen �owing at 80 cm3min� 1 at a heating rate (� ) of 1� C s� 1. Rapid pyrolysis of

the polymer in �owing nitrogen generates gaseous products and solid char residue. The

gaseous pyrolyzate mixture exits the pyrolyzer and is combined with excess of oxygen, and

completely combusted in combustion furnace at 900� C for 10 sec. The heat released during

this combustion Q(t) is determined by measuring oxygen depletion and mass-�ow rate of

the scrubbed gases exiting the furnace. A sharp, reproducible heat release peakQ(t) is

obtained which is normalized to the initial sample mass. Thesample is also weighed before

and after the test to determine the char yield� (%).

In the present work, three parameters � the peak speci�c heatrelease rateQ(t), heat of
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Figure 1.8 Schematic representation of the MCC instrument [55])

combustionh0
c and char yield� at 900� C were determined using MCC.Q(t) is of particular

interest to �re scientists, because it is considered as a quantitative measure of its �re

hazard. It is obtained by multiplying the height of the fuel pulse with the instantaneous

heat of combustion of the fuel at peak mass loss rate [51]. Theaverage heat of combustion

h0
c of the fuel is proportional to the area under the oxygen consumption curve (Eq. 1.2).

h0
c =

Z 1

0
Q(t) dt (1.2)

The char yields were determined by measuring the weight of the samples before and after

the MCC measurement.

1.4.3 Thermogravimetric analysis

Thermogravimetric Analysis (TGA) is a type of testing that is performed on samples

to determine changes in weight in relation to change in temperature. TGA is exten-

sively used for evaluation of the thermal stability of various materials, and is commonly

employed in research and testing to determine characteristics of materials such as degra-
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dation temperatures, absorbed moisture content of materials, the level of inorganic and

organic components in materials, decomposition points of explosives and solvent residues.

Fig. 1.9 shows a schematic of the equipment used for this analysis. The sample (usually

5-10 mg) is placed in an alumina pan in a furnace tube. Carriergas like nitrogen (or any

other inert gas) is passed through the system to remove pyrolysis products. The furnace

tube is slowly heated at a constant rate. The percentage of weight-loss is recorded as a

function of temperature (or time in isothermal TGA [45]). The experiment is conducted

in an inert (nitrogen or argon) or oxidizing (air) atmosphere.

Figure 1.9Schematic representation of a thermogravimetric analysissystem [45]

Analysis is carried out by raising the temperature of the sample gradually and plotting

weight (percentage) against temperature. The temperaturein many testing methods rou-

tinely reaches 1000� C or greater. After the data is obtained, curve smoothing andother

operations may be done in order to �nd the exact points of in�ection.

TGA as well as LOI and MCC were extensively employed in the present studies in order

to study the �ame retardant behaviour of treated fabrics.
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1.4.4 TGA-FTIR and TGA with subsequent NMR analysis

Combined techniques are very useful for the characterization of various materials. Often a

combination of two instrumental methods resolves the inadequacies obtained by individual

techniques. The main advantage of the coupled techniques like TGA-FTIR is the iden-

ti�cation of gaseous products, which together with the thermal e�ects and mass changes

allow interpreting the course of the investigated reactions. Hyphenated techniques such

as TGA-FTIR, TGA-MS, Pyrolysis-GC-MS have been actively used by many researchers

[56, 57, 58, 59, 60].

Figure 1.10Schematic diagram of a TGA coupled with FTIR spectrometer

In the present Thesis, decomposition of treated cellulose was studied using TGA combined

on-line with Fourier transform infrared spectrometer. Attempts have been made to identify

gaseous products during the thermal decomposition. The coupling of these two techniques

allows the gathering of more complete quantitative and qualitative information on FR
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behaviour of treated cellulose during the thermal decomposition, which neither technique

could provide independently.

Fig. 1.10 provides a schematic diagram of a TGA-FTIR coupledsystem. In order to obtain

the IR spectra of the gases evolved during a thermogravimetric analysis a thermobalance is

coupled by means of a heated transfer line to a heated gas celllocated inside the TG-IR in-

terface. The gaseous decomposition products are �ushed with argon (or nitrogen) through

the heated transfer line (200� C) into the gas cell where the IR spectra are measured. The

heated cell is �tted with infrared transmitting windows, normally made from KBr, that

are spring-loaded to maintain a gas seal at all operating temperatures. The temperatures

of the cell and of the transfer line are controlled independently from the TG-IR interface.

The gases are transferred from the TGA instrument using a heated transfer-line to avoid

condensation. The qualitative analysis is routinely done by comparing recorded spectra

with reference spectroscopic signals. The development of hyphenated techniques have been

reviewed in detail by Materazziet al. [61, 62].

Using TGA-FTIR the gases evolved during decomposition havebeen analyzed. To in-

vestigate the fraction of the condensed phase, that is soluble in solvents like deuterated

chloroform or methanol an o�-line NMR have been performed. The heating of a sample

was interrupted at speci�c temperatures, sample was taken out of the oven and cooled

down with liquid nitrogen to stop any possible oxidation processes. Further, sample was

dissolved in appropriate solvent and solution was analyzedusing NMR. The combined

analysis of results obtained by means of these techniques allowed precise identi�cation of

decomposition products in condensed phase.

1.5 Objectives and Outline of the Thesis

Although empirical research has led to the development of highly e�ective phosphorus-

containing systems, no uni�ed theory exists at present thatexplains the di�erences in �ame

retardant action of various �ame retardants. The generallydiscussed modes of action of

phosphorus FRs have not been con�rmed by experimental data.It is still not clear to what

extent the oxidation state of phosphorus a�ects the e�ciency of a phosphorus compound
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during combustion of cellulose. Explaining di�erent FR behaviour of organophosphorus

compounds was our motivation to conduct a systematic study on a number of organophos-

phorus compounds, designed in such way, that it was possibleto correlate their structural

di�erences with the FR properties.

The goal of this Thesis is to identify the nature of the in�uence of the phosphorus chemi-

cal environment on its FR e�ciency. The research was focusedon phosphoramidates and

phosphoric amides as most promising FRs for cellulose. In order to correlate structural

changes to the variations in FR properties, twenty compounds containing various func-

tional groups were investigated (see Glossary). Their e�ciency in �ame-retarding cellulose

was compared in order to investigate the in�uence of substituents at the phosphorus atom

on FR properties of treated cellulose.

The chapters are organized as follows:

In Chapter 2 a preliminary study is presented. It had as goal to show the importance of

nitrogen incorporated in the structure of compound. Four simple model compounds repre-

senting the most common classes of organophosphorus compounds - phosphites, phospho-

nates, phosphates and phosphoramidates have been used for the study: diethyl hydrogen

phosphateDEHP , diethyl-(ethyl) phosphonateDEEP , triethyl phosphate TEP and di-

ethyl phosphoramidateDEP . The presence of nitrogen was found to be essential for good

�ame retardancy, therefore further research was conductedon phosphoramidates. The

bonding O=P�N� was kept constant through the studies and only the substitutes at the

phosphorus atom were changed (see Glossary).

Chapter 3 describes synthetic procedures to obtain phosphoramidates, and selected phos-

phoramidates for this study in particular. The detailed process on the preparation of FR

cellulose is also described.

In Chapter 4 the FR properties of dimethyl phosphoramidateDMP , diethyl phosphorami-

date DEP , di-n-butyl phosphoramidate DBP and di-isopropyl phosphoramidateDiPP

have been investigated. The main goal was to �nd correlations between increasing the car-

bon content (elongation of alkyl chain) in phosphoramidates and FR properties of cellulose

treated with these phosphoramidates.

In Chapter 5 the e�ect of the substituents at the nitrogen atom of four phosphorami-
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dates with secondary and tertiary aminogroups was investigated. For that purpose the

properties of cellulose treated with dimethyl-(N-methyl)- DMMP , dimethyl-(N-ethyl)-

DMEP , dimethyl-(N-propyl)- DMPP and dimethyl-(N, N-dimethyl) phosphoramidates

DMMDP have been studied.

The importance of polar functional groups in the phosphoramidate structure was evaluated

in Chapter 6. Three phosphoramidates having terminating hydroxyl group - dimethyl-

(N-2-hydroxyethyl)- DMHEP , dimethyl-(N-2-hydroxypropyl)- DMHPP and dimethyl-

bis(N-2-hydroxyethyl)- DMBHP phosphoramidates together with two phosphoramidates

with methoxy as terminating group - dimethyl-(N-2-methoxyethyl) DMMEP and dimethyl-

(N-2-methoxypropyl)- DMMPP -phosphoramidates have been investigated.

The impact of substitution of alkoxy groups to aminogroups was studied in Chapter 7 us-

ing four compounds: phenylphosphorodiamidePPDA , diphenyl phosphoramidateDPP ,

methylphosphorodiamideMPDA and phosphoric triamidePTA . The e�ect of increasing

the nitrogen content in the FR molecule was shown.

Chapter 8 was dedicated to the detailed studies of decomposition of selected phospho-

ramidates using combined techniques like TGA-FTIR and TGA with subsequent NMR

analysis. Similarities and di�erences in the decomposition processes of phosphoramidates

have been shown. Based on the results, an attempt to draw a possible decomposition

pathway was put forward.

Conclusions are drawn in Chapter 9. Moreover, some interesting suggestions for the con-

tinuation of the studies have been put forward in the outlook. The detailed synthesis

of phosphoramidates, their chemical characterization andmeasurement parameters are

presented in Chapter 10.



Chapter 2

Initial assessment of

structure-property relationship using

four model compounds

The present chapter serves as initial assessment where the e�ect of the functional groups

bound to phosphorus atom on the FR properties of treated cellulose is demonstrated.

It also establishes the experimental tools exemplarily fora group of four model �ame

retardants that will serve as a basis for more complex structural modi�cations in the

subsequent chapters.

P

O

C2H5O
C2H5O R

DEHP: R = H
DEEP: R = C2H5
TEP:    R = OC2H5
DEP:   R = NH2

Figure 2.1General structure of phosphorus compounds studied in Chapter 2

Four simple model compounds representing the most common classes of organophosphorus

compounds were taken for the initial studies. They were selected in such way, that the

di�erences in the chemical structure were minor, i.e. only one substituent bound to the

phosphorus atom was replaced. The choice of these compoundswas also justi�ed by their

commercial availability.

19
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2.1 Structure-property relationship studies in litera-

ture

Organophosphorus compounds is probably the most studied class of compounds used as

FRs for cellulose. Over the last 50 years numerous studies related to this topic have been

published. The search for e�ective organophosphorus FRs has resulted in a large volume of

literature, but only few studies have been concerned with developing correlations between

the chemical structure of organophosphorus compounds and their FR e�ciency. Some of

them are disclosed further.

Arney et al. [63] have performed comparative studies on various classesof organophos-

phorus compounds. They have shown that the FR e�ect is reduced from phosphates over

phosphonates to phosphites. This e�ect was not clearly explained, and was attributed to

the lower volatility of phosphites, and hence, their decreased gas phase action. Culliset

al. [10] have observed di�erences in �aming behaviour of cellulosic samples, treated with

tricresyl phosphate, triphenyl phosphite, triphenyl phosphine oxide and triphenyl phos-

phine. It was found, that with the same uptake of FR, samples treated with triphenyl

phosphite and triphenyl phosphine oxide gave the lowest LOIvalues. The highest LOI

values were observed for dimethyl(methyl)phosphonate-treated cotton.

Tsafack et al. [64] have found di�erences in FR behaviour of diethyl(acryloyloxyethyl)

phosphate and diethyl(acryloyloxyethyl) phosphoramidate. The FR action of phospho-

ramidate was found to be better than of phosphate. Gaanet al. [65, 66] have studied

the thermal behaviour of cellulose treated with tributyl phosphate, triallyl phosphate and

triallyl phosphoramide. They have found that for the same content of phosphorus on

cotton, the LOI values for all three compounds were the same.However, the triallyl phos-

phoramide treated samples yielded slightly higher amountsof char in TGA experiments

(nitrogen atmosphere) than triallyl phosphate treated samples (35 % vs. 29 %). They sug-

gested that the presence of nitrogen in the compound not onlycan lead to the formation

of non-volatile species, but also can prevent the oxidationof char. However, the cause for

the di�erences in FR behaviour in these compounds has never been explained.

Systematic investigations on the structure-property relationship in �ame retardancy have
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been attempted by the group of Schartel [67]. Although this study was performed for epoxy

resins, it is worth to mention it here as a good example of the investigations that have

only rarely been performed for cellulose. In this work the FRe�ect of phosphine oxide,

phosphinate, phosphonate and phosphate (compounds with di�erent oxidation state) on

the thermal properties of neat epoxy resin composites were compared. It was discovered

that the ability to inhibit the �ame in the gas phase is the best for phosphine oxide epoxy

composite, and reduces in order phosphinate, phosphonate,phosphate. The charring e�ect

was found to be the strongest for phosphate, and decreased with decreasing oxidation state

till it became of minor importance for phosphine oxide.

Further it is also important to mention numerous studies on the phosphorus-nitrogen

synergism. As early as in 1947, Little [27] pointed out that acombination of urea and

phosphoric acid used in a pad-and-cure process of phosphorylation produced greater �ame

resistance in cotton fabrics at a lower add-on than either phosphoric acid or urea used

alone. He also reported that other nitrogenous compounds like guanidine and guanylurea

could be used instead of urea. Pyrovatex CP© and tris(azirinidyl)phosphate together with

some nitrogen-containing additives were studied by Willard et al. [68]. When phosphorus

content was kept constant and nitrogen amount added was varied, the increase of LOI was

found not to obey the linearity.

Reeveset al. have discovered that nitrogen contributes most e�ciently to phosphorus-

containing FRs when it is present in low concentrations relative to the phosphorus. N/P

atomic ratios of about one in the fabric lead to maximum �ame retardancy [69]. Hendrix

et al. whilst investigating the FR behaviour of phenylphosphoramides and phenylphos-

phates have observed that phosphoramides interact with methyl-� -D-glucopyranoside at

lower temperatures and produced more char than did phenylphosphates or mixtures of

phenylphosphates with nitrogenous bases [14].

The compounds used in the present chapter are widely used as FR plasticizers in various

resins and engineering plastics [63, 48, 12, 70]. They have also been extensively used to

synthesize polymeric molecules with good FR properties [71]. Alkyl esters of phosphoric

acid as FRs for cellulose (without any modi�cations or the use of additives) were barely

studied in the literature. However, DEP was mentioned in a number of publication as

excellent FR agent for cellulose [72, 73, 74, 75].
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2.2 Treatment of cotton cellulose

Cotton fabrics (180 g/m2, bleached, without optical brightener) were cut into pieces of

15 cm x 15 cm. The weight of one piece was around 4� 0.2 g. The fabrics were impregnated

with the solution of corresponding FR in acetone (liquor). The concentration of liquor was

calculated individually for each cotton sample in order to obtain the desired phosphorus

uptake on cellulose.

Knowing the phosphorus content in the compound Ps, the exact weight of each cotton

sample and the necessary amount of phosphorus on cotton Pn (Table 2.1), liquors have

been prepared and applied to cotton fabrics in a petri-dish.Fabrics were left for 1�2 hours

in air to remove the solvent. The weight of samples before andafter impregnation was

measured in order to calculate the amount of phosphorus retained on the fabrics Pt .

Table 2.1 Molecular mass, boiling point, phosphorus and carbon content of DEHP , DEEP ,
TEP and DEP

Compound MW [g/mol] Ps [%] C [%] bp [� C] Pt [%]

DEHP 138.10 22.43 34.75 199 1.55
DEEP 166.16 18.64 43.34 198 1.43
TEP 182.15 17.00 39.53 216 1.45
DEP 153.12 20.23 31.34 236 1.42

The measurement of phosphorus content was performed on fresh samples using Inductively

Coupled Plasma - Optical Emission Spectroscopy (ICP-OES) not later than 2 hours after

the impregnation. The reason for that was the loss ofDEHP , DEEP and TEP from

cotton samples if they were exposed long enough to air. The data on phosphorus uptake,

presented in Table 2.1 is to exemplarily show the deviation from the calculated (target)

content. The content of phosphorus in samples, used in further measurements, is speci�ed

for each measurement separately.

2.3 Flammability testing

The combustion of untreated cellulose fabrics in the mixture of oxygen and nitrogen occurs

in two stages: �rst, the �ame runs quickly over the fabrics leaving a black char, and then
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the afterglow (�ameless combustion) consumes the char and leaves a negligible amount

of ash. The LOI value of untreated cotton was measured to be 18.4 � 0.5 %. This

value di�ered by � 3 % with the literature data [76, 77, 66, 78, 79]. This di�erence is

governed by the density of the fabric and the weaving method which was employed in the

production of fabrics. The LOI of treated fabrics was increased on average by 12-15 % and

the afterglowing e�ect was observed to vanish. (Table 2.2).

Table 2.2 LOI values and char yields of fabrics treated with DEHP , DEEP , TEP and DEP

Sample Pt [%] LOI [%] � [%]

Virgin cotton 0 18.4 � 0.3 2.1
DEHP 1.55 22.9� 0.3 7.5
DEEP 1.43 23.6� 0.2 8.9
TEP 1.45 23.8� 0.3 9.2
DEP 1.42 24.7� 0.3 17.4

The LOI of cotton fabrics treated with DEHP , DEEP , TEP and DEP were observed to

be similar. The chars left after combustion were collected,separated from the unburned

pieces of fabric and weighed. Untreated cellulose leaves almost no char (2.1 %, Table 2.2).

The char yields of treated cellulose were increased in the same order as LOIs and the highest

yield was obtained forDEP -treated cellulose samples. It is known that compounds, which

are able to yield higher char amounts upon combustion, are better �ame retardants. What

property can trigger the char formation? In order to �nd answers on this question, let us

examine the chars in detail.

2.4 Di�erences in char compositions and morphology

Pieces of chars left after LOI test were sized to approx. 5 x 5 mm and subjected to EDX

analysis. The calculated amount of phosphorus for unburnt fabrics was about 2� 0.1

wt. %. In each measurement the sum of C, O, P and N (only forDEP ) was normalized

to 100 at. % as no other elements have been detected in signi�cant contributions. As the

relative error in the atomic concentration determination by EDX method lies normally

in the range of 2-10 % [80], measurements on �ve to six di�erent surface areas for each

sample were performed to reduce this error.
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Table 2.3 shows the atomic percentage concentrations (at. %) of P and C on the surfaces of

chars. For almost the same initial phosphorus content on thefabrics (prior to combustion),

the highest content of phosphorus after combustion (about 17 %) was found for the char of

the DEP �treated fabric. Also, the value of phosphorus-to-carbon ratio for DEP was the

highest, meaning thatDEP was able to convert the most of tars (fuel for combustion) to

thermally stable char. What might be the cause for the higherP-retention? Apparently,

the presence of nitrogen triggered phosphorus to remain in the char. Moreover, the mor-

phologies of chars were observed to be di�erent even by nakedeye. Therefore, they were

further analyzed using Scanning Electron Microscopy (SEM).

Table 2.3The atomic percentage of carbon and phosphorus measured on chars after combustion
of fabrics treated with DEHP , DEEP , TEP and DEP

Sample Pt [%] P [%] C [%] P/C

DEHP 1.95 12.8 64.9 0.19
DEEP 2.13 10.9 66.7 0.16
TEP 2.13 12.3 59.0 0.21
DEP 2.12 17.2 60.0 0.29

For the morphological analysis, pieces of chars of about 1 cm2 were cut with razor blades

and attached to SEM sample holders with double faced adhesive carbon tape. Prior to the

SEM analysis, the samples were sputtered with a layer of goldto increase the conductivity

of chars. The voltage of the �eld gun emission was adjusted to5.0 kV.

SEM images of chars showed that the �brous structure of cellulose was retained after

combustion (Fig. 2.2). The chars ofTEP - andDEP -treated samples exhibited interesting

morphologies. In contrast toDEHP - and DEP -treated fabrics, the surface of chars of

TEP - and DEP -treated samples was covered with some fuzzy particulate matter. The

coating was noticeably denser in case of diethyl phosphoramidate. It is possible that such

dense coating on �bres contributed to the char yield so that the highest was found for

the DEP -treated fabric. Apparently, the formation of such coatingis associated with

higher retention of phosphorus in the char forDEP , which in turn can be correlated with

stability of FR in thermal conditions (for more details on the origin of such coatings please

refer to Chapters 4 and 6). Some researchers have already addressed this question and

correlated the FR properties with the boiling point of compounds [63, 46, 81]. In the next

step similar correlation was attempted.
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a) DEHP , 1.68 % P, x2500 b)DEEP , 1.54 % P, x2500

c) TEP , 1.52 % P, x2500 d)DEP , 1.58 % P, x2500

Figure 2.2SEM micrographs of the chars ofDEHP -, DEEP -, TEP - and DEP -treated fabrics
obtained after LOI test

2.5 Boiling point as a factor in�uencing the �ame re-

tardancy

In [46, 81] the higher volatility of compounds was suggestedas a reason for improved gas

phase interactions. The interactions in the gas phase are believed to involve free radical

chain termination reactions that were proposed to explain the �ame retardancy of halogen-

containing compounds [1] (p. 149). Within the studied compounds, DEHP , DEEP and

DEEP have the lowest boiling points, and accordingly should havegained moderate �ame

retardancy. In fact, their LOI values were increased if compared to untreated cotton.
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However, the increased char formation ofDEHP , DEEP and TEP as compared to

untreated cellulose indicates, that gas phase reactions donot seem to play a major role

in �ame inhibition, although dialkylphosphites were found to be highly reactive in free

radical reactions [82] and trialkylphosphates are capableof abstracting oxygen from alkoxy

radicals [83]. The FR activity of volatile compounds will mostly depend on the type and

activity of phosphorus radicals formed in �ame.

However, one cannot underestimate the signi�cance of the boiling point for �ame retar-

dancy. It was indicated earlier, that DEHP , DEEP and TEP might be lost from the

surface of cellulose if exposed to air. This was not the case for DEP . DEP is a solid

compound with a melting point of 53� C. Being non-volatile it is more likely to stay on

cellulose at increasing temperature, thus increasing the interaction with cellulose, although

other factors (which will be addressed in further chapters)are becoming more important.

The superior action ofDEP as FR is related to the presence of nitrogen, which a�ects the

decomposition of cellulose, leading to an increase in char formation. In the next section,

the decomposition ofDEHP , DEEP , TEP and DEP was studied in detail.

2.6 Thermal degradation of treated cellulose

Treated cellulose samples were pyrolyzed at a rate of 1� Cs� 1 and the heat release response

as a function of temperature was measured. Fig. 2.3 represents the Q(t) dependence on the

temperature for treated fabrics and for untreated cotton. The highest peaks are the main

decomposition peaks of cellulose treated with phosphorus-containing compounds. For

untreated cotton, the crest of the main decomposition peak was observed at 384� C. The

decomposition temperature of treated cellulose was lower than that, because phosphorus-

containing compounds reduce this temperature (Table 2.4).

The di�erences in the decomposition temperatures among treated cellulose samples are

the �rst indication on the ability of compound to suppress the cellulose combustion. The

decomposition temperature of cellulose treated withDEP was reduced to 298� C, which

was the lowest among the four compounds. Moreover, the heat of combustion h0
c (the

integral of the area under theQ(t) curve) of DEP -treated cellulose was the lowest, meaning
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Figure 2.3 Dependence of the heat release rate on the temperature for cellulose treated with
DEHP , DEEP , TEP and DEP (ca. 2 % of phosphorus)

that DEP was able to reduce the heat evolved during combustion to the minimum. In

other words, the combustible fuel (carbon and hydrogen) wasprotected from oxidation to

a higher extent than forDEHP , DEEP and TEP . Most probably, nitrogen available in

the molecule has a�ected this behaviour. Why is nitrogen capable of doing that? It is the

question we will try to answer in the present Thesis.

Another interesting feature was observed just before the beginning of the main decom-

position: at 130� C three small peaks appeared in theDEHP -, DEEP - and TEP -

treated samples. The value of the heat release rateQt1 was increased in the order

DEHP < DEEP < TEP at the sameT1. The occurrence of these peaks might be ex-

plained as a result of desorption of FR from cellulose and combustion in the furnace. The

Qt1 increases as the loading of chemical increases (di�erent molecular weight) at the same

phosphorus content. ForDEP , however, no peak at this temperature was observed. It

was now an interesting question whether this �nding could becorrelated with the boiling
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Table 2.4 Thermal data on DEHP -, DEEP -, TEP - and DEP -treated cellulose obtained from
MCC

Sample Pt Qt1 T1 Qt2 T2 h0
c

[%] [Js� 1g� 1] [� C] [Js� 1g� 1] [� C] [kJg� 1]

Cotton 0 0 0 196 384 10.5
DEHP 1.95 3.4 129 138 322 7.4
DEEP 2.13 7.5 130 139 324 7.6
TEP 2.13 12.7 129 197 320 13.1
DEP 2.12 0 0 125 298 5.9

point of FR?

The boiling points of DEHP and DEEP are around 200� C (Table 2.2), the one ofTEP is

at 216� C. The maximum heat release rateQt1 was found to be forTEP . If the occurrence

of the Qt1 peaks had been caused by the volatility of FR, theQt1 would have been expected

to be the highest for DEHP and DEEP , because the boiling points ofDEHP and

DEEP are the lowest. However, this was not the case. We rather believe the origin of

these peaks lies in the reduced interaction with cellulose.Hydroxyls of cellulose are most

likely to interact with other molecules via formation of hydrogen bonds.DEP is the only

compound that is capable of providing the mobile proton for the hydrogen-bond formation

with hydroxyl groups of cellulose. The peak was therefore not recorded for DEP . This

phenomenon will be studied in more detail for all phosphoramidates.

As next the total heat of combustion at the main decomposition step was evaluated.

The value of total heat of combustionh0
c for untreated cellulose is 10.5 kJg� 1 (Table 2.4).

FRs normally reduce this value through the production of char instead of combustible

volatiles and therefore, reduce the amount of volatile species that typically contribute to

the total heat of combustion. The maximumh0
c of 13.1 kJg� 1 was measured for theTEP �

treated sample. Although theT2 was reduced (indicating the interaction with cellulose

took place) theh0
c of TEP -treated cellulose was higher than for untreated cellulose. TEP

contributed to the total heat of combustion, increasing itsvalue to 13.1 kJg� 1. The total

heat of combustion forDEP was found to be the lowest.
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2.7 Conclusions

The FR properties ofDEHP , DEEP , TEP and DEP have been studied. It was demon-

strated, that the FR properties strongly depend on the structure of the molecule and on

the presence of functional groups.

DEP was shown to possess superior �ame retardancy towards cellulose than compounds

without nitrogen in their structure, as the LOI values and char yields were observed to

be the highest and the heat of combustion the lowest. The retention of phosphorus in the

char was also the highest forDEP . This phenomenon occurs most probably due to the

presence of nitrogen.

The possible interaction of aminogroup with cellulose was suggested as one of the rea-

sons for the improved FR activity of DEP . The absence of mobile protons inDEHP ,

DEEP and TEP leads to the desorption of FR compound from cellulose beforethe actual

decomposition process could begin.

The questions raised in this preliminary study form the basis of this Thesis. It was

attempted to answer these questions by conducting a throughthe thorough analysis of

the FR properties of phosphoramidates as the most interesting and promising class of

organophosphorus compounds to use as FR for cellulose.



Chapter 3

Synthesis of phosphoramidates and

their treatment on cellulose

Di�erent synthetic approaches to obtain phosphoramidatesare described in the present

chapter. The physical and chemical characterization of theFR molecules is also presented.

Furthermore, a description of the preparation of FR cellulose using these compounds is

provided.

3.1 Synthetic routes to phosphoramidates

There exist several methods to obtain phosphoramidates. One method is via the reaction

of dialkylphosphochloride with ammonia (or correspondingamine in case of N-substituted

phosphoramidates) (Fig. 3.1) [84, 85, 86]. Although this method is quite e�cient in terms

of setup, the cost of initial dialkylphosphochloride is very high, which hinders its use as

adduct for large scale synthesis. Moreover, the yield of theproduct was found to be very

low [85].

Another way to obtain phosphoramidates is to react the trialkyl phosphite with corre-

sponding amine in the presence of carbon tetrachloride (Fig. 3.2) [87]. The disadvantage

of this method involves the high content (20 %) of impuritiessuch as trialkylphosphate,

alkylphosphorodiamide and sometimes also phosphoric acidtriamide.

30
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Figure 3.1 Synthesis of phosphoramidates through the use of dialkyl phosphochlorides [84]
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Figure 3.2Synthesis of phosphoramidates according to Steinbach, Herrmann und Riesel [87]

One further approach involves reaction of a trialkylphosphite with an alkaliazide in the

presence of trialkylammoniumhalogenides [88]. In order toobtain products with a good

yield, longer reaction times and increased temperatures (especially for aryl-substituted

phosphites) were necessary.

The analysis of di�erent synthetic procedures and practical attempts to �nd the optimal

approach have convinced us to use the Todd-Atherton reaction as the easiest in handling

and cost-saving method. It was suggested by Atherton and Todd in 1945. They discovered

this reaction upon trying to purify dibenzyl phosphite in carbon tetrachloride with an

aqueous solution of ammonia [89].

The reaction proceeds in two stages (Fig. 3.3): in the �rst stage carbon tetrachloride reacts

with the phosphite in the presence of base (e.g. triethylamine) to give trichloromethylphos-

phonate. In the second step, trichloromethylphosphonate reacts with a molecule of amine

to yield chloroform and an aminophosphonate. The exact mechanism of Todd-Atherton

reaction was thoroughly studied and is described in detailsin the literature [90, 91, 92,

93, 94].
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Figure 3.3 Synthesis of phosphoramidates after Todd-Atherton approach

3.2 Synthesis of dialkyl phosphoramidates

The vast majority of phosphoramidates used in the present Thesis were synthesized using

the Todd-Atherton reaction. The basic procedure to synthesize unsubstituted phospho-

ramidates was the following: dialkyl hydrogen phosphite and carbon tetrarchloride were

mixed in equimolar quantities in dried dichloromethane, DCM (or tetrahydrofuran, THF).

The reaction mixture was cooled to� 5� C using an ice-salt bath. Ammonia was purged

through the solution during approximately 2 hours. After the reaction was complete (the

completion of reaction was controlled by31P NMR), ammonium chloride was �ltered o�

and washed with DCM (THF) to collect the rest of the product. The solvent was then

evaporated and the resulting product was collected.

The procedure to obtain substituted phosphoramidates was slightly di�erent. To a solution

of the corresponding amine and triethylamine in (mostly) THF, dialkyl hydrogen phosphite

was added dropwise during 1-2 hours. The reaction mixture was cooled analogously to the

previous procedure to� 5� C using ice-salt bath. At the end of the reaction, the solution was

�ltered o� to separate the product from triethylamine hydro chloride. THF was removed

under vacuum. The product was washed with diethyl ether (triethylamine hydrochloride

is less soluble in diethyl ether) in order to purify it from the remainder of triethylamine

hydrochloride.
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3.3 Synthesis of methyl phosphorodiamide and phos-

phoric triamide

One procedure to synthesize methyl phosphorodiamide was put forward by Kasparek et

al. [95]. They have described the method of obtaining alkyl diamidophosphates through

transesteri�cation of aryl diamidophosphates according to the Fig. 3.4. This method was

described by the authors as being preferable to the aminolysis of esters of dihalogenphos-

phoric acids due to the lower cost of initial reagents and easier handling of the materials.

However, we were unsuccessful in obtaining phosphoramidates using this reaction. Even

modifying the conditions like increasing temperature did not bring a successful result.

P

O

H2N

H2N OPh

CH3ONa in CH3OH

PhONa

P

O

H2N

H2N OCH3

Figure 3.4Transesteri�cation of aryl diamidophosphates after Kasparek et al. [95]

Therefore, methyl phosphorodiamide was obtained using a di�erent procedure: methyl

dichlorophosphate was reacted with ammonia according to Fig. 3.5. This procedure was

initially described by Klement et al. in [96] and was used in the present work to synthesize

phosphoric triamide along with methyl phosphorodiamide.

P

O

R
Cl

Cl

P

O

R'
H2N

NH2

NH3

NH4Cl

R = OMe; Cl
R' = OMe; NH2

Figure 3.5 Synthesis of phosphoramides after Klementet al. [96]

The procedure to synthesize methylphosphorodiamideMPDA and phosphoric triamide

PTA was as follows: gaseous ammonia was bubbled through dry chloroform at -10� C.

The solution of methyl phosphoric dichloride (MPDA ) or phosphorus oxychloride (PTA )

in chloroform was added dropwise to ammonia dissolved in chloroform during 1.5 hours

and intensively stirred at -10� C. After the full addition the reaction mixture was stirred
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additionally for 2 hours. Chloroform was removed from the system and the rest dried in

vacuum. The product was then dissolved in fresh chloroform and reacted with diethylamine

to obtain diethylammonium chloride. The reaction mixture was re�uxed during 4 hours.

As diethylammonium chloride is soluble in chloroform, it was easy to separate it from the

product via �ltration. Finally, the product was dried in vac uum. Using this procedure, it

was possible to obtain methylphosphoric diamide and phosphoric triamide in good yields

(over 90 %).

3.4 Characterization of the compounds

The phosphoramidates and phosphoramides prepared were characterized using31P, 1H

and 13C Nuclear Magnetic Resonance (NMR), Fourier Transform Infrared Spectroscopic

and Liquid Chromatography � Mass Spectrometric techniques. Some physical properties

such as melting and/or boiling points, colour and31P shift are collected in Table 4.1.

Table 3.1 Physical properties of synthesized compounds

FR
MW
[g/mol]

Ps [%] Ns [%]
mp
[� C]

bp
[� C]

State, colour
Yield
[%]

31P
[ppm]

DMP 127.08 24.37 11.02 44 224 crystals, white 98.7 12.0
DEP 153.12 20.23 9.15 52 236 crystals, colourless n/a 12.3
DBP 209.22 14.80 6.69 150 378 oil, yellowish 87.4 9.5
DiPP 181.17 17.10 7.73 67 234 crystals, yellowish 92.7 7.6
DPP 249.20 12.43 5.62 112 - crystals, white n/a 3.2
DMMP 139.09 22.27 10.07 - 204 oil, yellowish 88.1 12.9
DMEP 153.17 20.23 9.15 - 217 oil, yellowish 87.7 12.0
DMPP 167.14 18.53 8.38 - 216 oil, yellowish 89.8 12.0
DMDMP 153.17 20.23 9.15 - 182 oil, yellowish 87.6 13.6
DMHEP 169.12 18.32 8.28 - 221 oil, colourless 95.0 12.5
DMHPP 183.14 16.91 7.65 - 220 oil, colourless 89.6 13.2
DMBHP 213.17 14.53 6.57 - 218 oil, yellowish 95.6 13.7
DMMEP 183.14 16.91 7.65 - 215 oil, yellowish 82.2 11.8
DMMPP 197.17 15.71 7.10 - 212 oil, yellowish 95.6 11.9
PPDA 172.12 17.99 16.27 183 - powder, dark violet n/a 9.4
MPDA 110.05 28.14 25.45 128 - powder, white 92.6 17.4
PTA 95.04 32.59 44.21 135 - powder, white 92.3 18.8
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Most phosphoramidates are oily-like substances, yellowish to colourless. DMP , DEP ,

DiPP and DPP exist as colourless or yellowish crystals. The boiling points of phospho-

ramidates were found in the range 200 to 380� C, depending on the molecular weight. The

yield of almost all reactions was higher than 85 %. The detailed data on the characteriza-

tion of compounds by NMR and GC-MS can be found in Chapter 10.

3.5 Preparation of �ame retardant cellulose

The treatment of cotton fabrics was performed analogously to the procedure described in

Chapter 2. However, before and after the impregnation, cellulose samples were conditioned

in a standard atmosphere (25� C, 760 Torr, � = 65 %). Thus it was possible to control the

moisture uptake (it is known that cellulose absorbs up to 8 % of moisture when exposed

to standard conditions) and calculate the FR uptake of fabrics more precisely.

15 cm

15
 c

m

Cotton fabric climate room
25°C, 60%

 24 h

unmodified cotton

solution of 
flame retardant 
in ethanol

Drying in the oven
60°C, 60 min

Elemental
analysis

climate room
25°C, 60%

 24 h

Figure 3.6Schematic presentation of the cotton cellulose treatment

Samples of cotton were placed in the standard atmosphere andleft there for conditioning

for at least 24 hours. In order to conduct comparative studies, it was important to obtain

similar phosphorus uptakes on cotton fabrics. The needed concentrations of phosphorami-

dates in ethanol were calculated in order to obtain the target amount of phosphorus on

the fabrics Pn (1 and 2 %).
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The calculation was performed based on the molecular weights of the compounds, the

phosphorus content Ps (Table 4.1), weight of the textile and the amount of solvent (nor-

mally 10 ml of ethanol per sample was used). The required phosphoramidate was dissolved

in ethanol (in methanol for PPDA , MPDA and PTA ), and the cotton samples were im-

pregnated with these solutions (Fig. 3.6). Fabrics were then exposed to air to remove

the residual ethanol, and afterwards placed on a frame and dried in a convection oven

at 60� C for 1 hour. As next step, fabrics were placed again into the climate room and

conditioned for at least 24 hours. The weight of the samples before and after conditioning

was recorded. The uptake of the phosphorus on the fabrics wasmeasured using ICP-OES.

3.6 Conclusions

Several synthetic methods to obtain phosphoramidates weredescribed. The most e�ective

method in terms of workup and cost was found to be the Todd-Atherton reaction. Using

this reaction, all phosphoramidates except forMPDA and PTA were synthesized for the

subsequent investigations.

In an attempt to obtain methylphosphorodiamide from phenyldiamidophosphate, the

method suggested by Kasparek was found to be inappropriate.Therefore, methylphospho-

rodiamide as well as phosphoric triamide were synthesized by reacting methylphosphoric

dichloride (PPDA ) and phosphorus oxychloride (PTA ) with ammonia.

Synthesized phosphoramidates were characterised using NMR, FTIR and LC-MS tech-

niques and applied to cellulose in order to obtain 1 and 2 % of phosphorus on cellulose to

enable further comparative studies.



Chapter 4

Dialkyl phosphoramidates. The

impact of the alkyl chain length

The FR properties of four dialkyl phosphoramidates (Fig. 4.1): dimethyl phosphorami-

date DMP , diethyl phosphoramidateDEP , di-n-butyl phosphoramidate DBP and di-

isopropyl phosphoramidateDiPP were studied in chapter 4. The di�erences in the FR

properties of cellulose treated with these phosphoramidates were demonstrated. Several

hypotheses for their di�erent behaviour were put forward.

P

O

RO
RO NH2

DMP:  R = OMe
DEP:   R = OEt
DiPP:  R = O-isoPr
DBP:   R = O-nBu

Figure 4.1General structure of phosphorus compounds studied in Chapter 4

Dimethyl� DMP , diethyl� DEP and di-n-butyl� DBP phosphoramidates were selected to

investigate whether the chain length of the alkoxy group a�ects the �ammability of treated

cotton cellulose. Using di-isopropyl phosphoramidateDiPP it was intended to determine

whether the branched alkoxy chain has any signi�cant in�uence on the �ammability of

cellulose in comparison to linear alkyl chain.

37
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4.1 Physical properties of DMP, DEP, DiPP and DBP

and their use as FRs

Let us start with a brief review of physical properties, which will be helpful for the discus-

sion in the upcoming sections.DMP is a white crystalline highly hygroscopic compound

(Table 4.1) with a melting point of 44� C. DEP is a crystalline compound with transpar-

ent, highly hygroscopic crystals. It melts at 52� C and boils at 236� C similarly to DMP .

DBP was obtained as a yellowish oily substance. It is slightly soluble in water and boils

at 270� C. DiPP is a crystalline compound with slightly yellow water-soluble crystals. All

four compounds are soluble in polar solvents such as water oralcohols.

Some of these phosphoramidates have already been used to impart �ame retardant proper-

ties to cellulose.DEP and DMP have been �rst mentioned as potential �ame retardants

for cotton by Gladeet al. [97]. The authors have found that cotton gained excellent �ame

retardant properties, when phosphoramidates were impregnated on the fabrics via a pad-

dry process in the mixture with several melamine derivatives. However, �ame resistant

properties were reported to decrease, when cotton was treated solely with phosphorami-

dates. Unfortunately, there was no data reported on the di�erences in the e�ciency of

those phosphoramidates to retard the �ammability of cellulose.

Later Gonzaleset al. [73, 74] have usedDEP as a �ame retardant for cotton in combina-

tion with THPOH and trimethylolmelamine to obtain fabrics with increased phosphorus

content. The durability of various combinations to laundering was tested as well as the

in�uence of catalyst, concentration of FR and THPOH and cross-linking agents. However,

no insight on DEP as �ame retardant alone was given.

Table 4.1 Physical properties of DMP , DEP , DiPP and DBP

Compound MW [g/mol] Ps [%] Ns [%] Cs [%] bp [� C]

DMP 127.08 24.37 11.02 19.21 224
DEP 153.12 20.23 9.15 31.38 236
DBP 209.22 14.80 6.69 45.93 270
DiPP 181.17 17.10 7.73 39.78 234

Burke et al. [75] have usedDEP , DMP and DBP to synthesize N-hydroxymethyl-
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derivatives for the application as durable phosphorus-containing �ame retardants for cel-

lulose. They observed that the LOI values decreased in the order dimethyl-(N-hyd-

roxymethyl) phosphoramidate > diethyl-(N-hydroxymethyl) phosphoramidate > di-n-pro-

pyl-(N-hydroxymethyl) phosphoramidate. This phenomenondid not receive any closer

attention and was not explained in the publication.

Along with the use of these phosphoramidates for cellulose,their application to other

natural and synthetic polymers has also been described. Blatz and Del [98] have used

DiPP and its modi�cations to impart thermostability properties to several copolymers of

acrylic, methacrylic, fumaric and maleic acids. However, no literature was found where

DiPP would have been used as FR for cellulose.

4.2 Treatment of cellulose with DMP, DEP, DiPP

and DBP

The FR cotton was obtained utilizing the same procedure as described in Chapter 3. In

order to be able to compare the properties of treated fabrics, it was aimed to obtain similar

phosphorus uptakes on the fabric samples. The concentration of liquor was calculated such

that the dry pickup of phosphoramidate would contain 1 and 2%of phosphorus (Table

4.2).

Table 4.2 Weight uptakes and phosphorus content of the treated fabrics

FR Pn [%] Wp [%] Pt [%] Pp [%]

DMP
1 3.45 0.95 1.01
2 7.46 1.34 1.53

DEP
1 4.89 0.98 1.01
2 5.84 1.42 1.53

DBP
1 7.56 1.12 1.24
2 14.58 2.01 2.17

DiPP
1 3.35 0.74 0.67
2 6.55 1.70 1.64

The expected P-uptakes were di�erent from the measured ones. In most of the cases,
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the measured amount of phosphorus was higher than the calculated value. Presumably

this results from the change in the ability of cellulose to absorb moisture from air after

treatment, because weight uptake has been calculated as thedi�erence between the weight

of untreated conditioned and treated conditioned cotton. The further comparative analysis

was performed on the samples with similar phosphorus uptakes.

4.3 The in�uence of carbon and hydrogen content as

fuel for combustion

In the preliminary studies (Chapter 2) the e�ect of carbon and hydrogen content in the

FR molecule on the �ammability of cellulose has been alreadyaddressed. However, the

exact comparison of the FR properties of studied molecules was rather di�cult, as they

belong to four di�erent classes and hence, their chemistry is totally di�erent from each

other. We believe that with four dialkyl phosphoramidates it was more appropriate to

make such comparison.

Firstly, the content of carbon and hydrogen in all four compounds in relation to phosphorus

was analyzed. For that measured phosphorus content Pp [%] was multiplied with the C/P

and H/P elemental ratio in order to calculate the carbon and hydrogen amount that were

introduced to cotton fabrics from the phosphoramidate molecule (Table 4.3).

Table 4.3 Weight uptakes and phosphorus content of the treated fabrics

FR Pp [%] C [%] H [%]
P

(C + H)

DMP
1.01 0.79 0.27 1.06
1.53 1.20 0.40 1.60

DEP
1.01 1.55 0.40 1.95
1.53 2.35 0.60 2.95

DBP
1.24 3.85 0.81 4.66
2.17 6.73 1.41 8.14

DiPP
0.67 1.56 0.35 1.91
1.64 3.81 0.85 4.66

Treated cotton fabrics were further subjected to the measurement of LOIs. For each sam-
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ple, measurement was performed at least 3 times, and the average value including relative

error was plotted in Fig. 4.2. To ease the di�erentiation among four phosphoramidates the

trend line was �tted and plotted on the scatter chart. The highest values were obtained for

DMP and the lowest forDBP (Fig. 4.2): the higher was the amount of carbon and hydro-

gen, the lower was the LOI (Table 4.3). However, no decisive trend could be established,

as at di�erent phosphorus content, di�erent �ammability be haviour was observed.
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Figure 4.2LOI vs. phosphorus content for fabrics treated with phosphoramidates DMP , DEP ,
DBP and DiPP

At low phosphorus content (below 0.5%),DiPP � and DMP �treated samples show lowest

LOI values, whereas with increasing of the P-content this trend has changed. Starting

from 1% P, DBP �treated samples have the lowest LOI andDMP � the highest. The

slopes are steeper at low concentrations of phosphorus and gradually �atten out at higher

concentrations. This phenomenon has already been observedby some scientists [68]. It
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was explained as the saturation e�ect: for every FR moleculea critical phosphorus loading

exist, further increase of which will not lead to the increase in LOI. In other words, the

dependence of LOI on the content of phosphorus is parabolic.The same e�ect was observed

for dialkyl phosphoramidates. At the P-content of more than2%, further increase in

phosphorus did not produce additional increase in LOI.
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Figure 4.3 Speci�c heat release rates of fabrics treated withDMP , DEP , DiPP and DBP
(approx. 1.0 % of phosphorus content)

Continuing, an analysis of the same set of compounds using data from microscale combus-

tion calorimetry was performed. Fig. 4.3 shows the dependence of heat release of cotton

treated with phosphoramidates (approximately 1 % of phosphorus on the fabrics) and of

virgin cotton on temperature. When the total heat of combustion h0
ct was compared, the

lowest values were found forDMP . The h0
ct as well asT2 decreased in the following or-
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der: DBP < DiPP < DEP < DMP . For DBP the total heat release rate was found to

be almost twice as high as forDMP . Do we deal again with the increasing carbon content

and as a result higher �ammability? Or does the elongation ofthe alkyl chain in�uences

the ability of phosphoramidate to reduce the heat release during combustion? The results

correlate well with the second hypothesis. The char yields show the same trend as heat

release rates and heat of combustion with the lowest being obtained for DBP �treated

cellulose. Therefore, elongation of the alkyl chain clearly deteriorates the FR properties

of treated cellulose.

Table 4.4 Combustion data of cotton fabrics treated with phosphoramidates

P Qt1 T1 Qt2 T2 h0
c1 h0

c2 h0
ct �

[%] [Js� 1g� 1] [� C] [Js� 1g� 1] [� C] [kJg� 1] [kJg� 1] [kJg� 1] [%]

Cotton 0 - - 192.7 384.3 - 9.7 9.7 3.7

DMP
1.01 - - 119.5 301.7 - 3.5 3.5 28.2
1.54 - - 115.7 299.3 - 3.3 3.3 30.9
2.00 7.2 194.1 110.7 297.4 0.3 2.8 3.1 35.1

DEP
1.17 - - 120.2 302.5 - 4.1 4.1 23.0
1.53 1.8 165.2 119.5 299.4 0.6 4.1 4.7 22.6
2.12 20.8 168.1 118.9 299.2 1.4 3.5 4.9 26.5

DBP
1.24 18.1 207.0 132.3 319.5 1.2 6.0 7.2 15.4
1.69 20.0 197.7 116.5 317.8 1.8 4.4 6.2 17.9
2.13 45.2 224.5 111.8 315.4 2.5 4.7 7.2 19.7

DiPP
0.93 11.9 197.4 111.7 305.4 0.6 3.5 4.1 22.6
1.64 14.3 190.4 96.1 303.0 0.7 3.6 4.3 25.8

4.4 Interaction of dialkyl phosphoramidates with cel-

lulose at lower temperatures

As readily observed in Fig. 4.3, two smaller peaks that belong to DBP and DiPP �treated

cellulose samples (at approximately 1% of applied phosphorus) appear at about 200� C.

From Table 4.4 it is seen that at higher phosphorus loadings,such peaks appear forDMP

and DEP as well. As already addressed in Chapter 2, these peaks arisedue to desorption

of phosphoramidate from cotton cellulose and subsequent combustion in the furnace such
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that the heat, evolved during this combustion, contributesto the total heat of combustion

h0
ct (h0

ct is found as the sum ofh0
c1 and h0

c2).

In order to ensure that desorption might be the reason for appearance of this small peak,

the MCC measurements were performed for the pure phosphoramidates. To avoid boiling

and rapid volatilization of the liquid oil-like phosphoramidates (DMP , DiPP and DBP ),

the samples were mixed together with alumina powder, and then subjected to the analysis.
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Figure 4.4Speci�c heat release rates ofDMP , DEP , DiPP and DBP

Fig. 4.4 re�ects the dependence of the heat release of pure phosphoramidates on the tem-

perature. In the absence of cellulose the heat starts to evolve at around 140-160� C. If

compared to the data from Fig. 4.3, the results seem to be consistent. This allows one

to conclude that the peaks at 140-160� C arise due to the desorption of phosphoramidate

from the vicinity of cellulose. Why these peaks have not beenobserved forDMP at the
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phosphorus content of e.g., 1%? Probably because of the di�erence in the phosphorami-

date uptake. For the same P-content of 1%, the phosphoramidate uptake of DBP on the

cellulose fabric was more than 2 times higher than forDMP (Table 4.2). According to

Table 4.5 1 g ofDBP releases the heat which is three times higher than the heat evolved

from 1 g of DMP . What might cause this behaviour?

Table 4.5 Combustion data of pure phosphoramidates

FR Qt [Js� 1g� 1] T [� C] h0
c [kJg� 1] � [%]

DMP 238.4 238.7 7.2 11.6
DEP 312.0 255.1 14.7 5.0
DBP 417.3 282.4 20.7 7.4
DiPP 426.1 241.3 18.5 9.1

Two factors can cause it: stronger interaction ofDMP with cellulose as opposed toDEP ,

DBP and DiPP and the size or the bulkiness of the phosphoramidate molecule. The �rst

hypothesis will be addressed in detail in Chapter 5, where the e�ect of primary, secondary

and tertiary aminogroups will be investigated. Second hypothesis is discussed in the next

section.

4.5 In�uence of molecular size on the �ame retardant

properties

In the previous section the saturation e�ect (LOI measurements) and heat release at low

temperatures (MCC measurements) were described. Based on this experimental data, we

have attempted to explain these e�ects.

Fig. 4.5 illustrates the schematic representation of the interaction of phosphoramidate

molecules with cellulose. In the upper part space-�lling (van der Waals) models ofDMP ,

DEP , DiPP and DBP are presented. As the surface of the models represents the van

der Waals radius of the molecule, using this type of modelinghelps visualizing the space

occupied by each atom and the overall molecular size.

In the lower part the desorption process is shown. "S" stays for cellulose surface. The "ac-
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Figure 4.5Schematic illustration of the interaction of phosphoramidate molecules with cellulose
showing the steric hindrance e�ects, "S" - cellulose surface

tive" part of phosphoramidate molecule that is able to interact with cellulose is aminogroup.

If the size of phosphoramidate molecule is rather small, more molecules will be able to

interact with cellulose than if the molecule is big (at the same phosphorus content). This

will lead to the desorption of unreacted phosphoramidate molecules from the surface of

cellulose during the burning, so that these molecules will not contribute to the reduction

of cellulose �ammability.

The calorimetric data supports this hypothesis. The heat release at around 120� C Qt1

was detected neither forDMP at 1 and 1.5 % of phosphorus loading, nor forDEP at

1 % of phosphorus loading. Indeed, at lower uptakes the entire phosphoramidate is able

to interact with cellulose at this temperature to phosphorylate it later at 300-320� C. For

bigger molecules likeDBP even 1.24 % of P-uptake causes saturation e�ect, and as result,

unbound molecules are desorbed and combusted with release of heat.
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4.6 Di�erences in char composition and morphology

During calorimetric analysis of the pure phosphoramidates, an interesting trend was ob-

served for theQt values. Qt increased in the orderDMP < DEP < DiPP < DBP to-

gether with the increase of carbon content in compounds. Here, the direct correlation of

the carbon content of the phosphoramidate and the evolved amount of heat was estab-

lished. Moreover, at �rst sight the peaks exhibit the shape,which is characteristic for

volatilization: rather slow increase in heat release in thebeginning, rapid increase after

200-220� C and abrupt end at about 260� C for DMP , DEP and DiPP and at 300� C

for DBP . However, from Table 4.5 one can learn that phosphoramidates were not simply

volatilized. The char yields above zero indicated that somekind of decomposition took

place that lead to the formation of thermally stable residue. The amount of this residue

was di�erent for all four phosphoramidates. Could it be thatdi�erent kinds of reactions

are taking place during the combustion of treated cellulose? Whether the intermediate

reaction were similar or not the detailed analysis of the residues can provide answers. In

the next step the investigation of the chars composition andmorphology was performed.

For the sake of consistency morphological analysis and analysis of elemental composition

have been performed on the same char samples left after LOI test. At �rst step the data

on the char yield amounts is disclosed.

Fig. 4.6 shows the char yields of treated cotton as function of phosphorus content. The

trendline was best �tted in the scatter plot (calculation of R-squared coe�cient was per-

formed to obtain the best �t). The char yields generally increase with the amount of

applied phosphorus (or phosphoramidate). Among the studied phosphoramidates, char

yields were increased in orderDBP < DiPP < DEP < DMP . Similar correlation was es-

tablished for char yields obtained after MCC studies (Table4.4). The higher char yields of

DMP �treated cellulose again indicate superior FR properties of DMP , which have been

already discussed in previous sections.

The amount of phosphorus retained on the fabrics before and after combustion as well as

of carbon, hydrogen and nitrogen were measured using LECO CHN analysis. Knowing

the percentage of the weight uptake before burning, the charyield after burning and the

elemental composition before and after burning, it was possible to calculate the gram-
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Figure 4.6The char yields vs. phosphorus content for fabrics treated with DMP , DEP , DBP
and DiPP (ca. 1.5 % phosphorus content)

atoms of each element (carbon, hydrogen, nitrogen and phosphorus). Using these data

the empirical formulae of char and losses during the combustion were derived (Table 4.6).

The species lost to the environment during combustion as well as the composition of re-

maining char were identical for all four phosphoramidates.Moreover, when multiplying the

indices of C, H and O in formulae of loss by two, one obtains C6H14O7 which corresponds

to one mol of glucose C6H12O6 and one mol of water H2O. Hence, during combustion

mostly cellulose and water are lost in the form of CO, CO2 and H2O. The amounts of

phosphorus and nitrogen lost during combustion in comparison to other elements were

negligible (around 1 %).
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Table 4.6 Empirical formulae of chars and losses during combustion ofDMP �, DEP � DBP �
and DiPP �treated cellulose

Compound Pp [%] Formula of loss Formula of char

DMP 1.54 C3:00H7:05N0:04P0:03O3:46 C5:90H2:17N0:10P0:15O1:29

DEP 1.63 C3:22H6:92N0:05P0:04O3:27 C5:78H2:39N0:09P0:15O1:41

DBP 1.69 C3:27H7:50N0:06P0:04O3:18 C6:45H2:23N0:10P0:19O1:56

DiPP 1.64 C3:12H7:15N0:05P0:04O3:30 C6:28H2:21N0:08P0:11O1:13

A relatively large amount of phosphorus and nitrogen is retained in the char. The formulae

for the chars were very similar for all four phosphoramidates. This �nding is in accordance

with literature. Kulshreshtha et al. have investigated chars using Attenuated Total Re-

�ectance (ATR)-FTIR technique and have observed that the spectral characteristics of

di�erent chars were similar despite the use of structurallydi�erent �ame retardants [99].

This indicates the reactions that took place during combustion were similar. These reac-

tions obviously lead to the formation of the phosphorus- andnitrogen-containing residue

with the same chemical structure. However, the question of di�erent FR properties still

remains. In order to obtain further insights into the di�erences in char formation, treated

fabrics as well as char residues remained after LOI test weresubjected to the Scanning

Electron Microscopy analysis.

Fig. 4.7 shows the surface of treated fabrics (P-content around 1.5 %) at the magni�cation

of x2000. When viewed in SEM, a cellulose �bre is seen as having a twisted convoluted

ribbon-like structure with a furrowed surface. It is ratherdi�cult to distinguish between

untreated and treated cellulose, even though some chemicaltreatments of cellulose are

accompanied with degradation and sometimes by tearing of the fabric. In our case, no

high-temperature were used to treat cellulose, and the phosphoramidates themselves do

not lead to the damage of cellulose. There was little sign of the phosphoramidate coating

on the �bres. Moreover, the dry uptakeW on the fabrics was quite low (3.5�7.5 %), and

no particular di�erences were observed on the surface of thecellulose.

Figures 4.8 and 4.9 show the micrographs of chars left after LOI test. At higher mag-

ni�cation some kind of fuzzy coating was observed, as noted previously. The density

of this coating appeared to be di�erent for studied phosphoramidates. For the chars of

DMP -treated samples the amount of such deposits was the lowest (Fig. 4.8b). From
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a) DMP -treated cotton, 1.54 % P, x1000 b)DEP -treated cotton, 1.63 % P, x1000

c) DBP -treated cotton, 1.69 % P, x1000 d)DiPP -treated cotton, 1.64 % P, x1000

Figure 4.7 SEM micrographs of DMP �, DEP �, DBP � and DiPP �treated fabrics

micrographs 4.8b and 4.9b it was also observed that the layer of the deposited material

is not uniform, i.e. more deposits were detected on the surface layers of char than on the

deeper lyeing �bres. Similar phenomenon has been already observed by Pandyaet al. in

[100] in early 80's. They have attributed this observation to the di�erence in the direction

of �ame propagation during the LOI test. We have tried to verify if this �nding is true

for our materials.

Fig. 4.10 reveals the morphology of charred surface obtained from combusting DMP �

treated cotton cellulose at the oxygen level of 30 %. The sample on the left was ignited

from bottom, whereas sample on the right was ignited from top(ignition from top is typical

procedure for the LOI determination). When the fabric was ignited from the bottom no
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a) DMP , 1.54 % P, x100 b)DMP , 1.54 % P, x1000

c) DEP , 1.63 % P, x100 d)DEP , 1.63 % P, x1000

Figure 4.8 SEM micrographs of the chars ofDMP - and DEP -treated fabrics obtained after
combustion at oxygen index 30 %

formation of particulate matter took place. This phenomenon can be explained simply

by redeposition of unburned ash particles on the surface of burned fabric (char) when the

sample was ignited from the top. The particles are normally carried by the gas �ow which

is set bottom-up and easily redeposit leading to such surface morphologies. On the other

hand, if the ignition is performed from the bottom the ash particles are easily blown away

before the cellulose is ignited.

One other important factor here which in�uences the morphology is the time of combus-

tion. The oxygen index was intentionally set above the LOI level in order to accelerate

the top-bottom combustion process. However, the speed of top-bottom combustion was
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a) DBP , 1.69 % P, x100 b)DBP , 1.69 % P, x450

c) DiPP , 1.64 % P, x100 d)DiPP , 1.64 % P, x1000

Figure 4.9 SEM micrographs of the chars ofDBP � and DiPP � treated fabrics obtained after
combustion at oxygen index 30 %

10 times lower than the speed of bottom-top combustion, which was certainly driven by

the direction of the gas �ow. The �ame spread in the case of bottom-top combustion was

much faster which lead to the presented results. Hence, the formation of such coatings

was triggered solely by the direction of the �ame.

Another interesting observation was made when looking at the char surfaces. The char

surface ofDBP �treated cellulose in contrast to the other chars displayednumerous shape-

less protrusions, which had an appearance of localized surface blisters (Fig. 4.9 a). These

blisters seemed to appear strictly on the yarn. Their size was around 150�200� m and

when the crust was broken one could observe that they were hollow from inside (Fig. 4.9
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Figure 4.10 SEM micrographs of the chars of DMP �treated cotton cellulose (1 % P), left:
burned from bottom; right: burned from top at oxygen index 30 %

b). This blistering phenomenon has already been described by some researchers as the

result of the following process: the gases formed by combustion (water vapour, CO, CO2

etc.) upon escaping the vicinity of the fabric surface are entrapped by the distensible poly-

meric coating formed from carbon, oxygen, phosphorus and nitrogen at high temperatures

[101, 100]. As such blisters were observed only for chars ofDBP �treated fabrics, one can

argue that either the properties of the polymeric coating formed for DBP �treated fab-

rics were di�erent (more thermally stable) or greater amount of gases was formed during

combustion.

From the elemental analysis we have already learned that thechar composition was the

same. Possibly, the blistering took place due to the formation of higher amounts of gases.

This �nding could be correlated with data obtained in calorimetric studies whereDBP

was found to be more combustible owing to the higher carbon content in the molecule.

However, as elemental analysis was performed after the combustion process, it is not

known, at what temperature these blisters were formed. The fact that no similar blistering

e�ect was observed forDMP , DEP or DiPP might be caused by a formation of a polymer

with di�erent properties during combustion. The discussion on blistering will be continued

in Chapter 6 where also some additional information on that topic will be presented.
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4.7 Conclusions

The FR properties of four compounds: dimethyl�, diethyl�, di-n-butyl� and di-isopropyl

phosphoramidates have been investigated. Their FR behaviour was shown to signi�cantly

di�er from each other. Several reasons for this di�erent FR behaviour have been suggested.

Firstly, the proposed hypothesis of the e�ect of boiling point was rejected, as the boiling

point was proved to have no in�uence on the �ammability of treated cellulose. Dimethyl

phosphoramidate having the lowest boiling point exhibitedexcellent FR properties.

Secondly, with the increase of the number of carbon atoms in the N-alkyl chain, the

FR properties of the treated cellulose decreased (LOI values). Such a direct correlation,

however, is not possible for structurally di�erent molecules such as alkyl and aryl phos-

phoramidates. Therefore, the e�ect of P/C ratio should onlybe considered in the scope

of structurally similar phosphoramidates.

The most important �nding was the ability of phosphoramidate to interact with cellulose

prior to combustion. The aminogroup increases the a�nity ofphosphoramidate for the

surface of cellulose and shortens the distance between the phosphorus and hydroxyl group

of the cellulose, available for phosphorylation. The smaller size ofDMP allows more

phosphorus in close contact with the surface and consequently, higher rate of phosphory-

lation.

In order to demonstrate the importance of the presence of an acidic hydrogen (from pri-

mary aminogroups) in the structure of phosphoramidate, four phosphoramidates having

secondary and tertiary aminogroups were studied in the nextstep. The in�uence of the

substituents at the nitrogen atom is demonstrated in the next chapter as well.



Chapter 5

Dimethyl alkyl phosphoramidates.

In�uence of the substituents at the

nitrogen atom

The present chapter deals with the investigations on four phosphoramidates with di�er-

ent number of substituents at the nitrogen atom (Fig. 5.1). Since low carbon content is

essential for good FR properties, the studies were continued on dimethyl phosphorami-

dates. The importance of the presence of a primary aminogroup was demonstrated us-

ing two phosphoramidates with secondary and tertiary aminogroups: dimethyl-(methyl)-

(DMMP ) and dimethyl-(dimethyl) phosphoramidate (DMDMP ).

P

O

MeO
MeO N

DMMP:   R1 = H, R2 = Me
DMEP:    R1 = H, R2 = Et
DMPP:    R1 = H, R2 = nPr
DMDMP: R1 = R2 = Me

R1

R2

Figure 5.1General structure of phosphorus compounds studied in Chapter 5

The FR properties of these phosphoramidates were compared with the FR properties of

DMP . Further, the FR properties of dimethyl N-ethyl phosphoramidate DMEP and

dimethyl N-propyl phosphoramidateDMPP were studied to support the low carbon con-

tent hypothesis. The investigation of the FR properties ofDMPP was essential at this

55
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step to enable comparison with other phosphoramidates in Chapter 6.

5.1 Use of dimethyl-(alkyl) phosphoramidates as �ame

retardants for cellulose

The use of DMMP , DMEP , DMPP as FRs for cellulosic materials has never been

mentioned in the literature. There is not much information on their synthesis and uses

in general. DMMP was mentioned as catalyst in the reaction of benzoyl chloride with

m-chloroaniline [102]. In [103] the antiallergic properties of DMMP were studied by

Tomilets et al. DMMP is mentioned in [104, 105] in a study of phosphoric amides. In

[106, 107] it was used as educt to obtain phosphorus-containing allophanates. Van Nooy

et al. [108] have studied herbicidal properties ofDMMP .

DMEP and DMPP were mentioned even more rarely in the literature. Nikonorov et al.

have used them to condensate with chloral and to study chemical properties of obtained

compounds [84]. Khazanchi et al. [85] have tested these phosphoramidates for phytotoxic

activity and have found, that phosphoramidates with aromatic substituents at nitrogen

atom have the best phytotoxic activity amongst others. Starting from early 90'sDMMP ,

DMEP , DMPP as well asDMDMP are to �nd in the literature mainly because of the

studies on degradation of tabun - main component in chemicalweapons [109, 110, 111, 112].

The studies of the FR properties of these molecules have never been published before, a

fact which certainly rendered it more interesting to perform a thorough investigation on

their FR behaviour.

5.2 Physical properties of DMMP, DMEP, DMPP

and DMDMP and treatment cellulose

The phosphoramidatesDMMP , DMEP , DMPP and DMDMP have very similar phys-

ical properties. They are all liquid-like oils with yellowish color. Their boiling points are

presented in Table 7.1.
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Table 5.1 Physical properties of DMMP , DMEP , DMPP and DMDMP

Compound MW [g/mol] Ps [%] Ns [%] Cs [%] bp [� C]

DMMP 139.09 22.27 10.07 25.90 204
DMEP 153.17 20.23 9.15 31.36 216
DMPP 167.14 18.53 8.38 35.93 217
DMDMP 153.17 20.23 9.15 31.36 182

The treatment of cotton cellulose with synthesized compounds was performed analogously

to the procedure described in Chapter 3. The uptake of phosphoramidates on cellulose,

calculated and measured phosphorus content are presented in Table 5.2.

Table 5.2 Weight uptakes and phosphorus content of the treated fabrics

FR Pn [%] Weight uptake
[%]

Pt [%] Pp [%]

DMMP
1 4.1 0.87 1.16
2 9.2 1.88 2.06

DMEP
1 5.2 1.01 1.18
2 9.3 1.98 2.11

DMPP
1 5.0 0.88 1.06
2 9.0 1.86 1.97

DMDMP
1 2.6 0.45 0.68
2 3.3 0.52 0.79

It was practically impossible to obtain desirable phosphorus content for the fabrics treated

with DMDMP . The reason for that is the reduced a�nity of DMDMP towards cellu-

lose owing to the absence of functional groups that promote hydrogen-bond interaction

with hydroxyls of cellulose. Increasing the initial liquorconcentration did not result in

improving the retention of DMDMP on cellulose. The �ammability data will be further

compared with regard to this �nding.

5.3 Assessment of �ammability

Analogously to section 4.3, the �ammability of treated cellulose was assessed in the be-

ginning of the investigations. For that, LOI values for samples with phosphorus content
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from 1 to 2.2 % were determined and plotted against the P-content (Fig. 5.3), and trend

line was �tted into the scatter plot (Chapter 4). The data for DMDMP was obtained

only for a phosphorus content not higher than 0.8 %.

DMMP exhibited the same trend in LOI asDMP . The values obtained, however, were

about 2 % lower than forDMP . LOI data of DMDMP is rather di�cult to assess, because

the data is available only for low phosphorus content. In thenext step the �ammability

of DMMP �, DMEP � and DMPP �treated cellulose samples was evaluated (Fig. 5.3).

Among all the tested compounds the highest LOI values were obtained for DMP -treated

fabrics. Introduction of methyl (DMMP ) and ethyl (DMEP ) groups at the nitrogen

atom lead to a slight decrease of LOI, but the trend was exactly the same.

For some reason, the LOI trend line ofDMPP had a slope that was completely di�erent

from that for DMP , DMEP and DMPP . At a phosphorus content below 1.5 %, the LOI

of DMPP -treated cellulose was even higher than forDMMP and DMEP . However, at

higher concentrations, the curve �attened out and the di�erence in LOI betweenDMP

and DMPP comprised almost 5 %. It is hard to give any reasonable explanation for

the occurrence of this phenomenon, as one would de�nitely expect the FR properties of

DMPP to be similar to those forDMEP and DMMP .

As next step it was interesting to compare the LOI values ofDEP , DMEP andDMDMP

as their elemental composition is exactly the same, but their molecular structures and thus

chemical nature are entirely di�erent. Fig. 5.4 shows measured LOI values plotted versus

phosphorus content, measured using elemental analysis.

The highest LOI values were recorded clearly forDMEP . At 1 % of phosphorus, the LOI

of DMEP -treated cellulose was about 2 % higher than LOI ofDEP - and DMDMP -

treated samples. At higher phosphorus content, this di�erence has increased to approx.

4 % of phosphorus. This very interesting observation gives indications on structural fea-

tures in molecule that play key role in providing good �ame retardancy. Firstly, having

primary aminogroups is essential, as their absence leads tothe remarkable reduction of FR

properties (DMEP vs. DMDMP ). Secondly, having methoxy groups at the phosphorus

atom is advantageous. This �nding is also supported by the �nding in Chapter 4, where

the best FR properties were found forDMP .
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Figure 5.2LOI vs. phosphorus content for fabrics treated with DMP , DMMP and DMDMP
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DMPP
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Figure 5.4 LOI vs. phosphorus content for fabrics treated with DMEP , DMDMP and DEP

5.4 Thermal properties of dimethyl-(alkyl) phospho-

ramidates

Fig. 5.5 presents the heat release rates of fabrics treated with DMP and N-dialkyl phos-

phoramidates with approximately 1 % of phosphorus content.The main decomposition

peak occurs at about 300� C for all four compounds. The shape of this peak looks very

similar for all of the phosphoramidates. Therefore, the decomposition process was believed

to be very similar. The values of heat release rateQt , temperature of the maximum heat

release rateT and total heat of combustionh0
c are collected in Table 5.3.

With the increase of the phosphorus content on cotton, the values ofQt2 decrease andh0
c
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increase. This e�ect is obvious as with increased amount of FR on cotton, its �ammability

is reduced. TheT2 and char yields were rather similar to each other. However, when

this data was compared with the data forDMP �treated samples (Table 4.4), signi�cant

di�erences were observed.Qt2 and h0
c of DMP were found to be lower, and� was by 20 %

(relatively) higher than for the N-substituted phosphoramidates.
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Figure 5.5 Speci�c heat release rates of fabrics treated withDMMP -, DMEP - and DMPP
(approx. 1.0 % of phosphorus content)

Values found for DEP -treated cellulose, however, were comparable with values of N-

substituted phosphoramidates. Like forDMP , no saturation of the surface forDMMP

and DMEP occurs before 2 % of phosphorus. At higher phosphorus content, the increased

size of the molecule (DMPP ) disturbs the interaction of aminogroups with cellulose. The

total heat of combustion, which should decrease with the increased amount of phosphorus,
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in fact decreases due to the contribution of the excess of phosphoramidate, which is not

with close contact with the surface.

Table 5.3 Combustion data of cotton fabrics treated with DMMP -, DMEP - and DMPP

FR Pp Qt1 T1 Qt2 T2 h0
c �

[%] [Js� 1g� 1] [� C] [Js� 1g� 1] [� C] [kJg� 1] [%]

Cotton 0 - - 192.7 384.3 9.7 3.7

DMMP
1.16 - - 128.2 305.8 4.5 25.6
1.32 - - 129.6 305.4 4.1 27.7
2.06 5.1 174.5 126.2 303.8 4.0 29.9

DMEP
1.16 - - 160.6 312.9 4.3 26.3
1.56 - - 155.9 307.1 4.0 28.8
2.11 8.2 182.4 149.4 304.2 4.8 32.7

DMPP
1.05 - - 149.3 308.9 4.5 26.1
1.53 5.3 184.0 146.4 308.3 4.7 27.6
1.97 8.5 188.9 150.3 305.7 4.8 28.6

5.5 Conclusions

The introduction of carbon at nitrogen site inDMMP -, DMEP - and DMPP was shown

to in�uence the FR properties of treated cellulose. If compared among each other no

signi�cant di�erences were detected forDMMP -, DMEP - and DMPP . When the FR

properties were compared to N-unsubstituted phosphoramidates like DMP and DEP

slight di�erence in FR action was detected. In fact, substitution of one hydrogen atom

for a methyl group in DMMP had almost no e�ect if compared toDEP . Moreover, the

presence of an alkyl group on nitrogen increases the acidityof the remaining hydrogen

by an inductive e�ect, hence improving its ability to form hydrogen bonds with hydroxyl

groups of cellulose.

Deterioration of FR properties of cellulose treated withDMDMP occurred due to the

low a�nity of DMDMP to cellulose as a result of hydrogen to methyl substitution.The

aminogroup in phosphoramidates plays a role of an "anchor",which, if not available, will

make the adhesion of FR on cellulose impossible. Without close interaction of phospho-

ramidates to cellulose, no phosphorylation can occur, hence the FR properties are reduced.
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In order to obtain the FR with better properties, it makes sense to improve such adhesion.

This can be realized by introducing more polar functional groups into the phosphoramidate

molecule, e.g. hydroxyl group. In the next chapter, FR properties of hydroxyl-containing

phosphoramidates were investigated.
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Dimethyl hydroxy� and

methoxyalkyl phosphoramidates.

The e�ect of hydroxyl group

The FR behaviour of three hydroxyl-containing phosphoramidates was investigated to sup-

port the hypothesis suggested in Chapter 5. Dimethyl-(2-hydroxyethyl)phosphoramidate

DMHEP was prepared in order to investigate the e�ect of hydroxyls on the FR properties

of treated cellulose by comparing its action withDMP and DMPP .

P

O

MeO
MeO N

DMHEP:     R1 = H; R2 = (CH2)2-OH
DMHPP:     R1 = H; R2 = (CH2)3-OH
DMBHEP:  R1 = R2 = (CH2)2-OH
DMMEP:    R1 = H; R2 = (CH2)2-OMe
DMMPP:    R1 = H; R2 = (CH2)3-OMe

R1

R2

Figure 6.1General structure of phosphorus compounds studied in Chapter 6

In order to examine whether some structural changes in the molecule will a�ect the FR

properties, dimethyl-(2-hydroxypropyl) phosphoramidateDMHPP was synthesized. Two

functional hydroxyl groups were introduced in dimethyl-bis-(2-hydroxyethyl) phosphor-

amidate DMBHEP in an intention to increase the interaction with cellulose.In order

to demonstrate the key action of hydroxyls, they were substituted for methoxy groups

in dimethyl-(2-methoxyethyl)- DMMEP and dimethyl-(2-methoxypropyl) phosphorami-

64
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datesDMMPP and their FR action was investigated.

6.1 Literature review and physical properties of hydr-

oxy- and methoxyalkyl phosphoramidates

Hydroxy- and methoxyalkyl phosphoramidates are well-known in the literature. Although

the synthetic part is not throughly described, there exist several publications where hydroxy-

and methoxyalkyl phosphoramidates were used in various applications, some of which will

be described in the following.

Verkhunov et al. have synthesized polyurethane elastomers from dimethyl phosphite and

mono- and diethanolamine [113]. They reported excellent thermo-oxidative properties of

these polymers. Diethyl analogue ofDMHEP is described in a number of publications

where its FR properties have also been reported [114, 115]. Gaan et al. have found

outstanding FR properties for diethyl-(2-hydroxyethyl) phosphoramidate treated cellulose

[116]. Moreover, they observed that if the hydroxyl group was substituted by a methoxy

group the FR properties were drastically reduced. However,no explanation of this phe-

nomenon was given.DMHEP was also used in the synthesis of glycol phospholipides

[117]. Although no publications exist that deal with the investigations of the FR proper-

ties of DMHEP and DMHPP , DMBHEP was mentioned as FR agent for polyurethane

foams in 1965 [113]. Some studies on preparation ofDMBHEP are also available in the

literature [118, 86].

Table 6.1Physical properties of DMHEP , DMHBP , DMBHEP , DMMEP and DMMPP

Compound MW [g/mol] Ps [%] Ns [%] Cs [%] bp [� C]

DMHEP 169.12 18.32 8.28 28.41 221
DMHPP 183.14 16.91 7.65 32.79 220
DMBHEP 213.17 14.53 6.57 33.81 218
DMMEP 183.14 16.91 7.65 32.79 215
DMMPP 197.17 15.71 7.10 36.55 212

It is an interesting fact that a detailed description of the preparation process forDMHEP

and DMHPP is not provided in the literature. Greenhalghet al. have obtained dimethyl-
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(N-2-hydroxyethyl) phosphoramidate as a side product whenperforming the reaction of

tetraethylpyrophosphate with ethanolamine in [119]. Thisby-product was successfully

isolated with a yield of 65 %. In [120], Ryu and Cates have usedthese compounds as

"inhibitors of biotransformations" in malignant tumors. They claimed to have performed

the synthesis using the phosphite method (also known as the Todd-Atherton reaction) and

the phosphortrichloridate methods.

Phosphoramidates investigated in this chapter were synthesized using the Todd-Atherton

reaction (for a detailed description of this synthesis please refer to the Experimental part).

All compounds were colourless to slightly yellow oily odorless substances. Their boiling

points were found to be very similar (Table 6.1). Hydroxyl-containing phosphoramidates

were applied to cellulose right after the puri�cation upon synthesis. The reason for this

was their high hygroscopicity and as result instability of molecule [116, 121].

6.2 In�uence of hydroxyl groups

To demonstrate how the introduction of hydroxyl can in�uence the �ammability of treated

cellulose, the LOI values ofDMHEP were compared with the data forDMP and DMPP

(Fig. 6.2). At phosphorus contents below 1.2 %, the LOI ofDMHEP was found to be

the highest. However, at higher phosphorus contents the behaviour changed so that the

highest values were recorded forDMP . Compared to DMPP , the increase of LOI was

signi�cant. This e�ect can partly be attributed to the presence of the hydroxyl moiety,

but the underlying mechanisms yet need to be investigated inmore detail. We believe

that two possible explanations for this phenomenon exist.

Firstly, the higher LOI values for DMP might be the result of its more intense interaction

with cellulose, which in turn is governed by the size of the molecule (see Chapter 4).

Secondly, the interaction ofDMHEP with cellulose was in�uenced by the presence of

hydroxyl. An excellent presentation of this e�ect can be seen in Fig. 6.3 where char yields

of several samples left after LOI tests were measured and plotted versus their respective

phosphorus content. The highest yields were obtained forDMHEP -treated cellulose.

The di�erence to the yields for DMPP was about 5 %. As it was already mentioned in
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Figure 6.2 LOI vs. phosphorus content for fabrics treated with DMP , DMPP and DMHEP

the introduction chapter the amount of char left after combustion is the �rst indication

on the mechanism of action of a certain compound. The higher is the char yield, the

more pronounced is the condensed phase action mechanism. Hence, hydroxyls are able to

trigger the char forming reactions in cellulose.

In order to determine the changes in the char composition, elemental analysis of chars was

performed after combustion ofDMHEP -treated cellulose samples (analogously to the

analysis described in the chapter 4). This analysis did not reveal any di�erences in the ele-

mental composition. The empirical formula of char was computed C5:54H2:89N0:11P0:15O1:52

and the formula of loss was C2:900H7:29N0:03P0:02O3:48. Furthermore, no di�erences to the

data for unsubstituted phosphoramidates were detected. Therefore, we wanted to under-

stand the origin of the di�erent FR action.
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Figure 6.3 Char yield vs. P-content for fabrics treated with DMP , DMPP and DMHEP

In the beginning of the investigation it was expected that hydroxyls might improve the

interaction of phosphoramidate with cellulose prior to combustion. This phenomenon

as well as the decomposition itself was studied using combustion calorimetry. Fig. 6.4

demonstrates the heat release rates as function of temperature for cellulose samples treated

with DMP , DMPP and DMHEP . The phosphorus uptake measured for all samples was

around 1 %.

The shape of the main decomposition peak was similar for all compounds. Prior to the

main decomposition step, no heat release was detected whichcould be accounted for the

desorption of phosphoramidate from cellulose. However, athigher uptakes of phospho-

ramidates the heat releases were recorded (Table 6.2).
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Figure 6.4 Speci�c heat release rates of fabrics treated withDMP , DMPP and DMHEP
(P-content approx. 1 %)

Interestingly, the loss due to desorption was observed forDMHEP . Even at low phos-

phorus content, a part of the substance was desorbed and oxidized producing the heat.

At �rst sight our working assumption of DMHEP interacting with cellulose owing to the

presence of hydroxyls might not seem justi�ed. on the other hand, the observation needs

to be considered that at the same phosphorus content, the actual uptake of the phospho-

ramidate is not the same due to the di�erent phosphorus content in the molecule. With

phosphorus contents of around 2 %, the actual weight uptakeson cellulose fabric were

7.46 % forDMP and 10.01 % forDMHEP (Table 4.2). The heat release rates recorded

at around 195� C could impossibly originate from this tiny di�erence in weight uptakes.

Apparently, it occurs as a result of the reduced interactionof DMHEP with cellulose due
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Table 6.2 Combustion data of cotton fabrics treated with DMP , DMPP and DMHEP

P Qt1 T1 Qt2 T2 h0
ct �

[%] [Js� 1g� 1] [� C] [Js� 1g� 1] [� C] [kJg� 1] [%]

Cotton 0 - - 192.7 384.3 9.7 3.7

DMP
1.01 - - 119.5 301.7 3.5 28.2
1.54 - - 115.7 299.3 3.3 30.9
2.00 7.2 194.1 110.7 297.4 3.1 35.1

DMPP
1.05 - - 149.3 308.9 4.5 26.1
1.53 5.3 184.0 146.4 308.3 4.7 27.6
1.97 8.5 188.9 150.3 305.7 4.8 28.6

DMHEP
1.06 2.4 195.2 134.7 300.9 3.4 30.8
1.56 4.1 193.5 118.3 290.5 2.9 35.6
1.91 7.8 193.1 84.1 284.2 3.1 38.2

to increase of molecular size.

When comparing the values ofh0
ct (total heat of combustion) the highest were obtained for

DMPP with the values forDMP and DMHEP being quite similar. Hence, substitution

of hydrogen to propyl has caused FR properties to deteriorate. Introduction of hydroxyl

improved the FR properties in comparison toDMPP , but in relation to DMP no par-

ticular improvement could be detected. Would the FR properties improve, if there were

two hydroxyl groups available in the molecule? This question is addressed in the following

section.

6.3 Primary aminogroup as key functionality for �ame

retardancy

The FR properties of dimethyl-bis(2-hydroxyethyl) phosphoramidate DMBHEP were

compared to the FR properties ofDMP , DMHEP and DMDMP . Although it has

been already shown in the previous chapter that a primary aminogroup is essential for

obtaining good FR properties, it was necessary to determinewhether introduction of

hydroxyls could compensate the absence of protons in the aminogroup (similar to DMPP

and DMHEP ).
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Figure 6.5 LOI vs. phosphorus content for fabrics treated with DMP , DMDMP , DMHEP
and DMBHEP

Fig. 6.5 represents the dependence of LOI on the phosphorus content for fabrics treated

with phosphoramidatesDMP , DMDMP , DMHEP and DMBHEP . The trend line

computed for DMBHEP lies in the same range as the trend line ofDMDMP , indi-

cating their similar �ammability behaviour. At 2 % of phosphorus uptake, the LOI of

DMDMP and DMBHEP drops by almost 6 % when compared toDMP and DMHEP

and amounts just 21 %. This data clearly shows the negative in�uence of hydrogen sub-

stitution on the FR properties of phosphoramidate.

In the previous chapter it was mentioned that obtaining the desired uptake ofDMDMP

on cellulose was aggravated by the absence of acidic hydrogen. In case ofDMBHEP ,

necessary uptakes were reached without any particular di�culties. Two hydroxyls obvi-
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ously improved the retention of chemical on the cellulose, but the key factor in�uencing

the FR properties of the molecule needs to be attributed to the aminogroup. In other

words, the hydroxyl group improves the grafting, but the NH group places the P in the

closest position for the phosphorylation.

6.4 The in�uence of N-alkyl chain

In [116] Gaan et al. suggested that FR properties ofDMHEP can be triggered by

speci�c rearrangement process that takes place during thermal treatment. They believed

that the terminal hydroxyl of phosphoramidate can attack the phosphorus atom to form

a cyclic intermediate. The stability of this intermediate was claimed to be crucial for the

decomposition process. In case ofDMHEP , it was suggested that a 5-member cycle is

formed further improving stability. In order to study this phenomenon further, the FR

properties of DMBHEP were compared to the properties of other hydroxyl-containing

phosphoramidates.

Examination of Fig. 6.6, which presents the results of the LOI test for hydroxyl-containing

phosphoramidatesDMHEP , DMHPP and DMBHEP , reveals a clear trend at 1 % of

phosphorus:DMHEP > DMHPP > DMBHEP . At higher phosphorus uptakes, curves

for DMHEP and DMHPP almost coincide. At the same time the slope ofDMBHEP

trend line is much less steep than slopes ofDMHEP and DMHPP so that the di�erence

of LOI at phosphorus content of 2.4 % forDMBHEP increases to 5 % and amounts 23 %.

It was also interesting to note the di�erence in LOI values for DMHEP and DMHPP .

The change in the number of N-carbon atoms from two (DMHEP ) to three (DMHPP )

resulted in a signi�cant decrease in LOI at low phosphorus concentrations. Most probably,

the fragment P�NH�(CH 2)n �OH of the phosphoramidate is involved in the reactions taking

place during combustion of treated cellulose as it was readily mentioned in [116]. The

elongation of the chain just by one CH2 unit lead to the remarkable decrease of the FR

properties.

In order to get further insights on the FR behaviour of the studied compounds, they were

investigated using MCC. The thermal behaviour of all three phosphoramidates was very
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Figure 6.6 LOI vs. phosphorus content for fabrics treated with DMHEP , DMHPP and
DMBHEP

similar. The peak corresponding to the main decomposition phase appeared at the same

temperature for all three compounds, thus indicating similar processes taking place at this

stage (Fig. 6.7). The relevant di�erences, however, were found in the values of combustion

heat h0
ct (Table 6.3).

The lowest heat of combustion was measured forDMHEP , followed by DMHPP and

DMBHEP . Interesting was also the fact that values of total heat of combustion for

DMHEP and DMHPP varied only by 5-7 % at di�erent phosphorus contents whereas

for DMBHEP such di�erences were found to be as high as 25 %. Normally, heat of

combustion (h0
2) decreases when the phosphorus uptake (or phosphoramidateuptake) on

cellulose is increased. However, such a small decrease as inthe case ofDMHEP and
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Figure 6.7 Speci�c heat release rates of fabrics treated withDMHEP , DMHPP and DMB-
HEP (approx. 1 % of phosphorus)

DMHPP has never been observed before. This data is very well con�rmed by the LOI

results: the increase in LOI was rather slow (small slopes ofthe �tted trendlines).

This phenomenon might occur as a result of an either more e�ective interaction of hy-

droxyls and aminogroups with cellulose (as compared toDMBHEP ), other reactions

taking place during combustion (reactions where aminogroup is involved) or bulkiness of

the phosphoramidate molecule. The interaction with cellulose prior to combustion can be

assessed using the heat release valuesQt1. With almost the same weight uptake of phos-

phoramidate (Table 4.2), the loss of phosphoramidate priorto combustion was almost

doubled from DMHEP to DMHPP . This �nding was further supported by data from

TGA (Fig. 6.8), where the loss of phosphoramidate between 100 and 200� C for DMHPP
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Table 6.3Combustion data of cotton fabrics treated with DMHEP , DMHPP and DMBHEP

FR Pp Qt1 T1 Qt2 T2 h0
ct �

[%] [Js� 1g� 1] [� C] [Js� 1g� 1] [� C] [kJg� 1] [%]

Cotton 0 - - 192.7 384.3 9.7 3.7

DMHEP
1.06 2.4 195.2 134.7 300.9 3.4 30.8
1.56 4.1 193.5 118.3 290.5 2.9 35.6
1.91 7.8 193.1 84.1 284.2 3.1 38.2

DMHPP
1.01 6.5 209.1 127.1 299.5 4.4 27.7
1.54 8.2 208.9 119.4 291.3 4.2 31.2
1.86 10.2 210.0 113.9 291.6 3.9 36.9

DMBHEP
0.94 6.6 193.1 155.2 301.3 5.7 25.2
1.49 7.1 193.8 124.7 295.3 4.3 26.1
1.80 8.8 194.6 97.0 289.8 3.9 28.8

was clearly higher than forDMHEP .

On the other hand, DMBHEP exhibited better interaction properties with cellulose at

low temperatures thanDMHEP and DMHPP (Fig. 6.8). However, the decomposition

temperature of DMBHEP -treated cellulose was about 30� C higher, than for DMHEP -

and DMHPP -treated cellulose. Obviously, introduction of another hydroxyl in DMB-

HEP had the only e�ect on the pre-combustion interaction with cellulose, but in terms

of increasing the FR properties the presence of NH was more important.

In order to demonstrate the e�ect of hydroxyls inDMHEP and DMHPP , their proper-

ties were compared with the FR properties ofDMMEP and DMMPP , where hydroxyls

were replaced by methoxy groups.

6.5 The signi�cance of hydroxyls for �ame retardancy

The substitution of hydroxyl in DMHEP to methoxy group in DMMEP caused the LOI

to drop at lower concentrations of phosphorus (Fig. 6.9). Athigher phosphorus contents

the LOI values for both DMMEP and DMMPP were almost the same.

Extending the N-carbon chain from two to three carbon atoms resulted in the same e�ect
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Figure 6.8Thermogravimetric analysis of fabrics treated with DMHEP , DMHPP and DMB-
HEP (approx. 1 % of phosphorus)

on LOI as in the case of the compoundsDMHEP and DMHPP : the values decreased

for DMMPP when compared toDMMEP . However, at higher phosphorus contents the

slope was di�erent as compared toDMHEP and DMMEP , i.e. the LOI values for

DMMPP were lower. Obviously, the structural changes occurring inthese molecules

produced less e�ect on FR properties as forDMMEP .

When the MCC data of DMMEP and DMMPP was compared toDMHEP and

DMHPP , a clear decrease in FR properties was observed. The total heat of combus-

tion for DMMEP and DMMPP was increased by an average of 35 %. The loss of

phosphoramidate at about 195 � 200� C was increased by at least 30 %. Interestingly, the

char yield was still comparable and decreased only by 5-7 %. This could indicate that the
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Table 6.4 Combustion data of cotton fabrics treated with DMMEP and DMMPP
FR Pp Qt1 T1 Qt2 T2 h0

c �
[%] [Js� 1g� 1] [� C] [Js� 1g� 1] [� C] [kJg� 1] [%]

Cotton 0 - - 192.7 384.3 9.7 3.7

DMMEP
1.14 - - 138.5 307.5 4.6 27.6
1.45 13.8 186.3 144.2 305.3 4.7 32.3
2.27 12.2 194.3 156.5 305.4 5.1 32.3

DMMPP
0.95 - - 152.5 307.5 4.7 24.3
1.46 14.2 196.3 138.1 306.1 5.1 26.9
1.93 15.1 188.2 121.8 299.6 4.4 34.8

amount of �ammable volatiles was increased in case ofDMMEP and DMMPP - but at

what expense considering that the char yields were found to be the same?

Possibly, the presence of hydroxyl has indeed in�uenced thedecomposition mechanism

so that some species have been produced which were also able to react in the gas phase

to reduce the amount of evolved heat. The studies of the gas phase during the thermal

decomposition are documented in Chapter 8. The examinationof the condensed phase

were continued by morphological analysis of the chars left after LOI tests.

6.6 Morphological studies of cellulose treated with

hydroxy- and methoxyalkyl phosphoramidates

Prior to the analysis of chars, treated fabrics were investigated using SEM technique before

combustion. The micrographs ofDMHEP � and DMHPP �treated fabrics are shown in

Fig. 6.10. In distinction to micrographs on Fig. 4.7, the formation of thin coating was

observed. These coatings looked very similar to the coatings which were obtained during

plasma treatment of cellulose impregnated with diethyl(acryloyloxyethyl)phosphoramidate

(Dissertation ETH No. 19827 by Katrin Prinz).

Figure 6.11 shows the micrographs of chars left after LOI test for compoundsDMHEP ,

DMHPP and DMBHEP . The char surfaces ofDMHEP � and DMHPP �treated cel-

lulose exhibit surface blisters (notice that no such blisters were observed on the surface
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of DMBHEP �char). Such blistering has been already discussed in Chapter 4, where the

surface of the char left after combustion ofDBP �treated samples showed formation of

blisters. However, the phenomenon occurring here is di�erent, as blistering was not caused

by high loadings of phosphoramidate. Moreover, the blisters observed on the surface of

DMHEP and DMHPP chars were 3-4 times smaller (around 50-80� m vs. 150-200� m

in case ofDBP ) and appeared not on the yarn but on single �bers. Thus we believe they

might originate from a di�erent source.
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Figure 6.9LOI vs. phosphorus content for fabrics treated with DMHEP , DMHPP , DMMEP
and DMMPP

This blistering e�ect was studied in detail by Halua Pinto deMagalhães during his semester

project in the group of Prof. Dr. Joëlle Levalois-Grützmacher. He has been study-

ing cotton cellulose treated with diethyl-(acryloxy)ethyl phosphoramidate and diethyl-(2-
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Figure 6.10 SEM micrographs of fabrics treated with DMHEP and DMHPP (content of
phosphorus 1 %, x5000)

hydroxyethyl) phosphoramidate. In his experiments a similar bubble formation for both

compounds was observed after the combustion in the LOI apparatus. He indicated that

water evaporation might be the reason for the formation of these nodules. Subsequent

drying experiments con�rmed his hypothesis to be true: samples dried in the oven for at

least 24 h prior to combustion did not show any bubbles in later SEM experiments. Hence,

the absorbed water has created the pressure di�erence, under which the observed bubbles

were formed.

In this respect another interesting fact deserves attention. As the formation of these

nodules was not observed for fabrics treated withDMP , DEP , DiPP and DPP and

the samples were put into same conditions prior to LOI and SEMmeasurements, we can

state that the treatment of cellulose with compoundsDMHEP and DMHPP improved

their hydrophilicity owing to a hydroxyls of the phosphoramidate. Similar results were

also obtained by Pinto de Magalhães: the FR properties of diethyl-(N-2-hydroxyethyl)

phosphoramidate were found to be better than of diethyl-(acryloyl)ethyl phosphoramidate.

This absorbed water probably enhanced the hydrolysis of theintermediates formed during

the decomposition of the phosphoramidate to acidic species. As a result, the increased FR

behaviour of hydroxyalkyl phosphoramidates was observed.

As further step, the chars left after LOI test of fabrics treated with compounds DM-

MEP and DMMPP were analyzed using SEM. When the micrographs were compared
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a) DMHEP , 1.95 % P, x500 b)DMHEP , 1.95 % P, x1000

c) DMHPP , 1.98 % P, x500 d)DMHPP , 1.98 % P, x1000

a) DMBHEP , 1.87 % P, x500 b)DMBHEP , 1.87 % P, x1000

Figure 6.11 SEM micrographs of the chars of fabrics treated withDMHEP , DMHPP and
DMBHEP
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a) DMMEP , 2.27 % P, x500 b)DMMEP , 2.27 % P, x1000

c) DMMPP , 1.93 % P, x500 d)DMMPP , 1.93 % P, x1000

Figure 6.12SEM micrographs of the chars ofDMMEP - and DMMPP -treated fabrics
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(Fig. 6.12), no signi�cant di�erences in the morphology of these char were observed. For

DMMEP - and DMMPP -treated cellulose, the formation of similar nodules was observed

(to a much lower extent, however). This observation might berelated to a content of hy-

droxyl groups. In the previous section it was found that the formation of nodules occured

as a result of the extensive water absorption of phosphoramidates with hydroxyl groups.

The substitution of a proton for methyl group reduces the hydrophilicity of phosphorami-

dates. In respect to it the number of nodules per surface unity of cellulose treated with

DMMEP and DMMPP was lower.

6.7 Conclusions

In the present chapter, the in�uence of hydroxyls introduced in the structure of phospho-

ramidate on the FR properties of treated cellulose has been shown.

Hydroxyl groups were found to positively a�ect FR properties. The �ammability of

DMHEP - andDMHPP -treated cellulose decreased and the char yields increased. Hence,

the ability to promote char-forming reactions was improved. Substitution of proton in

hydroxyl group for methyl in DMMEP or DMMPP caused the deterioration of FR

properties, thus indicating the importance of hydroxyl group.

When the properties of hydroxyl-containing prosphoramidates were compared to the prop-

erties of DMP , the improvements were observed to be insigni�cant. As a matter of fact,

the presence of a primary aminogroup was proved to be more signi�cant in providing good

FR properties. The hydroxyl groups ofDMHEP , DMHPP and DMBHPP improved

the retention of phosphoramidates on cellulose, whereas the availability of aminogroup

directly in�uences phosphorylation. In the absence of bulky substituents at the nitrogen

atom, phosphorus is in closer contact with cellulose for phosphorylation, hence increasing

the FR properties. Moreover, the role of molecule size was put forward. The interaction

of DMBHEP with cellulose was hindered by the spacial arrangement of hydroxyethyl

groups, and as a result, the FR properties were reduced.

These �ndings let us conclude that the e�ciency of phosphoramidate as FR for cellulose

is sort of a compromise between the availability of acidic protons (primary aminogroups)
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and their reachability. The reachability of acidic protonsis in turn triggered by the size of

the phosphoramidate molecule and the spatial arrangement of functional groups. Taking

it all into account, the next step would be to add aminogroupsto improve the interaction

with cellulose and to maximally reduce the size of the molecule.



Chapter 7

Aryl phosphoramidates and

phosphoroamides. E�ects of phenyl

ring and nitrogen content

The present chapter is dedicated to the investigations of FRproperties of methyl phos-

phorodiamide MPDA and phosphoric triamidePTA . As it was found previously that

aminogroups are essential for profound �ame retardancy, their content was increased from

one in DMP to two and three in MPDA and PTA , respectively, and properties of these

two amides were compared toDMP .

P

O

R1
R2

NH2

DPP:       R1 = R2 = OPh
PPDA:    R1 = OPh; R2 = NH2
MPDA:   R1 = OMe; R2 = NH2
PTA:      R1 = R2 = NH2

Figure 7.1General structure of phosphorus compounds studied in Chapter 7

Prior to disclosing results forMPDA and PTA , the studies of two phenyl-containing

phosphoramidates are presented.PPDA and DPP were studied originally together with

n-alkyl phosphoramidates to demonstrate the e�ect of the phenyl ring on the FR properties

of these compounds. Some very interesting results have beenobtained, which deserve

attention and justify the choice of DPP as one of the research compounds in the next

84



7.1. Literature review on aryl phosphoramidates and phosph oramides 85

Chapter. The four compounds investigated in this chapter complete the entire study of

the phosphoramidate family.

7.1 Literature review on aryl phosphoramidates and

phosphoramides

Out of the four phosphoric amides studied in the present chapter, the use ofMPDA and

PTA was described in the literature.

The FR action of methylphosphorodiamideMPDA is reported in papers and patents

dealing with FR formulations for cellulose [122, 123, 124, 125]. It has also been used in a

composition of fertilizers designed to inhibit urease in soil [126, 127]. Further studies have

been put forward to investigate its phytotoxic activity [85].

PTA was investigated as FR for cellulose [17, 18, 19, 20, 21, 128,129, 130], wood [131, 81],

polyester [132], thermoplastics [133] and as a urease inhibitor [134, 135, 136]. Its FR

properties towards cellulose were shown by Morriset al. in [137] to be superior when

compared to its N-substituted derivatives.

DPP andPPDA are not mentioned in the literature in the FR context neitherfor cellulose

nor to any other substrates. DPP has found its application as inhibitor and substrate

phosphamidase [138], as antihypercholesteroiemic and antiatherosclerotic agents [139], in

the preparation of phosphorus-containing peptides [140] etc. Phenylphosphorodiamide

PPDA was mostly used in fertilizers as urease inhibitors [134, 141, 135].

7.2 Physical properties of phosphoric amides and their

treatment on cotton cellulose

DPP was obtained from ABCR Chemicals (Germany) as a white crystalline powder with

a melting point at around 150� C and boiling point at 378� C (Table 7.1), soluble in hexane,

insoluble in polar solvents. PPDA was obtained from Alfa Aesar (USA) as dark violet
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crystals, soluble in polar solvents like water, slightly soluble in ethanol, insoluble in diethyl

ether, chloroform, carbon tetrachloride.MPDA and PTA were synthesized according to

the procedure described in Chapter 3. Both compounds were isolated as white powders

with a characteristic odour. Their melting points are presented in Table 7.1.

Table 7.1 Physical properties of DPP , PPDA , MPDA and PTA

Compound MW
[g/mol]

Ps [%] Ns [%] Cs [%] mp [� C] bp [� C]

DPP 249.20 12.43 5.62 57.84 150 378
PPDA 172.12 17.99 16.27 41.87 183 -
MPDA 110.05 28.14 25.45 10.91 128 -
PTA 95.04 32.59 44.21 - 135 -

Cotton samples were impregnated with solutions of compounds as described in chapter 3.

However, some modi�cations were necessary asDPP is only slightly soluble in ethanol at

ambient temperature. The solvent was heated to 60� C to ensure complete dissolution. A

solution of PPDA was prepared in methanol at 50� C for the same reason.

The measured phosphorus content ofDPP -treated cellulose was about 50 % lower than

the calculated content. In fact, it was di�cult to obtain des ired phosphorus amount for

DPP . Owing to its high molecular weight (Table 7.1) and low solubility in polar solvents

(phenyl ring), application of concentrated liquor resulted in recrystallization of DPP on

the surface of the cellulose. These crystals, we believe, were lost from cotton while handling

during the elemental analysis, so that the measured phosphorus uptake was much lower

than expected. For the comparative analyses samples with similar P-content were taken.

7.3 The e�ect of phenyl group on the �ame retardant

properties

LOI was measured forDPP - and PPDA -treated cellulose and the obtained data was

compared with the data forDMP (Fig. 7.2). The LOI values were reduced in the order

DMP > PPDA > DPP (DPP -curve was extrapolated).

In the same order the content of carbon (burnable fuel) was increased and the content of
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Figure 7.2LOI vs. phosphorus content for fabrics treated with DMP , PPDA and DPP

phosphorus was decreased (Table 7.1). If we correlate the LOI values with carbon content

as in Chapter 4 (Section 4.3), we �nd no linear dependence. For instance, LOI of DBP and

DPP at 1.5 % phosphorus content were almost the same (22 % and 23 %,respectively),

whereas the di�erence in carbon content was about 12 % (46 % for DBP and 58 % for

DPP , Tables 4.1 and 7.1). Hence, the phenyl ring inDPP seemed to have less e�ect

on �re retardancy than the long alkyl chains. Moreover, the di�erence in LOI values of

DMP , PPDA and DPP comprised about 2 % (at the P-level of 1.5 %). In other words

having a phenyl group is more advantageous than an ethyl group. This �nding clearly

indicates that carbon content cannot be directly correlated with FR properties and should

be considered relevant only for compounds with similar chemical nature.

Similar conclusion can be drawn if char yields ofDMP , PPDA and DPP are compared
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(Fig. 7.3). Curves forDMP and PPDA almost coincided, and the di�erence toDPP

comprised only about 1 %. The substitution of methyl groups in DMP to one phenyl

in PPDA or two phenyl groups in DPP had almost no e�ect on the ability of phos-

phoramides to form char during combustion. Although introduction of phenyl groups

increased the burnable fuel content, no changes were detected in terms of the condensed-

phase mechanism of action of phosphoramides. This interesting �nding will be studied in

detail in the next chapter. In the following section we will further focus on the behaviour

of treated fabrics in the conditions close to the real burning scenario.
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Figure 7.3Char yields vs. phosphorus content for fabrics treated withDMP , PPDA and DPP

Figure 7.4 re�ects the dependency of heat release rate on temperature for samples treated

with DMP , PPDA and DPP with the measured phosphorus uptake of 1.5 %. Whereas

for DMP only one sharp peak was observed, the curves' shapes forPPDA and DPP were
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di�erent. For all three compounds the peak at around 300� C (Table 7.2) corresponded to

the process of cellulose degradation. However, in contrastto DMP , for PPDA and DPP

the heat starts to evolve already at lower temperatures and for phenylphosphorodiamide

even two convoluted peaks were observed.
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Figure 7.4Heat release rates for fabrics treated withDMP , PPDA , DPP , MPDA and PTA

PPDA andDPP start to decompose at lower temperatures with the evolutionof volatiles,

which contribute to the total heat of combustion measured inMCC. Apparently, their

interaction with cellulose is less pronounced, which lead to the desorption from the vicinity

of cellulose and further combustion. To ensure the correctness of this �nding, the MCC

analysis of phosphoramidates alone was performed (Fig. 7.7), where the starting points

of heat release were determined.

For PPDA the heat started to evolve readily at 100� C. We assume that this was observed
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due to the evaporation of solvents, used in puri�cation ofPPDA . A sharp peak was seen

at around 205� C. This peak is most probably the same as the peak at 250� C on Fig.

7.4. The di�erence in temperature occurred as a consequenceof interaction with cellulose.

The presence of polar aminogroups allowed to withstand the rise of temperature due to

interaction with hydroxyls of cellulose, so that the desorption occurred later. In other

words, such NH�OH interaction assured the reaction of phosphoramidate uptake with

cellulose during decomposition.
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Figure 7.5 Heat release rates for pureDMP , PPDA and DPP

The shape of theQ(t) curve for DPP showed completely di�erent characteristics com-

pared to the other phosphoramidates. The broad distribution of Q(t) in the temperature

range from 200� C to 450� C and three convoluted peaks denote the di�erent decomposition

pathway of DPP . Further, an interesting observation is related to the values of heat of



7.4. The e�ect of increased nitrogen content 91

combustion and char yields ofDPP , when compared to alkyl phosphoramidates (Table

4.4). The char yield of DPP was the highest and amounted to 22.8 %.DPP when

undergoing thermal decomposition left more residue and less combustible volatiles after

pyrolysis. It is likely that during the decomposition of DPP , some non-volatile or non-

oxidizable species were formed leading to this result. Thise�ect has been also described

in the literature [76].

Table 7.2 Combustion data of cotton fabrics treated with phosphoramidates

P Qt Tmax h0
ct �

[%] [Js� 1g� 1] [� C] [kJg� 1] [%]

Cotton 0 192.7 384.3 9.7 3.7
DMP 1.01 119.5 301.7 3.5 28.2
PPDA 1.08 118.5 302.0 4.5 24.4
DPP 1.03 113.8 306.1 5.2 23.2

7.4 The e�ect of increased nitrogen content

MPDA and PTA showed an outstanding performance as FRs for cellulose. At 2%

phosphorus loading, LOI values were higher by 2 % forMPDA and by 4 % forPTA than

for DMP (Fig. 7.6). The FR e�ciency order observed wasDMP < MPDA < PTA (the

increase in LOI and char yields). Similar observation was made by Pandyaet al. [142].

The increased nitrogen content, therefore, provided better FR properties. Same result has

already been obtained in the previous section, where improved FR action of PPDA was

determined.

If we further look at the char yields of the samples measured after their combustion,

the trend here is inverse: the char yield forMPDA is higher than for PTA (Fig. 7.6).

The highest amount of char for the same phosphorus uptake wasmeasured forMPDA .

Apparently, the remaining methoxy group is important for char-forming reactions, just as

we have seen withPPDA and DPP .

Figure 7.7 re�ects the dependence of heat release rate on thetemperature for samples

treated with DMP , PPDA and DPP . The shape of the peaks is quite similar. The

temperature at the maximum heat release rateTmax as well as the initial decomposition
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Figure 7.6LOI (upper) and char yields (lower) vs. phosphorus content for fabrics treated with
DMP , PPDA , DPP , MPDA and PTA
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temperatures are similar as well. This �nding is an indication on similar decomposition

pathways, which these compounds undergo upon combustion. The total heat of combus-

tion h0
ct, however, was quite di�erent: 2.4 kJg� 1 for MPDA and 1.8 kJg� 1 for PTA . The

value of 1.8 kJg� 1 was the lowest ever measured among studied phosphoramidates. When

compared to untreated cotton, this value was �ve times lower, meaning that PTA was

able to retard 80 % of the cellulose �ammability.

Amazing is also the fact, that losses due to desorption priorto the main decomposition step

were not observed forPTA (0-250� C). Is it becausePTA is stable to thermal treatments?

The shape of thePTA -heat release rate curve is totally di�erent fromMPDA and DMP

(Fig. 7.5). Whereas the decomposition ofMPDA andPTA seems to proceed in one stage,

the decomposition ofPTA is more complex with at least three di�erentiated stages.
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Figure 7.7 Heat release rates for cellulose treated withDMP , MPDA and PTA
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Moreover, the temperature at the maximum heat release rateTmax as well as the initial

decomposition temperatures are quite di�erent for all three compounds.Tmax decreases

in the order DMP > MPDA > PTA . One explanation to this phenomenon could be the

stability of phosphoramidates at high temperatures. Phosphoric triamide is probably

the least stable phosphoramide as it starts to decompose readily at 100� C. It might be

that the presence of aminogroups reduces the thermal stability of the compound. Similar

results were already obtained by Gaanet al. in [65]. When properties of phosphates and

phosphoramidates were compared, they have found that compounds with ester P�O�C

bonds like triethyl phosphate are more stable to nucleophilic attack compared to the ones

with P�N bonds, and as a result, phosphates are worse �ame retardants.

7.5 Conclusions

The FR properties of arylphosphoramidates and phosphoramides were investigated. The

FR properties of diphenyl phosphoramidateDPP were found to be superior when com-

pared to DEP or DBP . Therefore, the carbon content as a a factor in�uencing �ame

retardancy should be correlated with the FR properties solely for compounds with similar

chemical nature. Phenyl ring imparted superior �ame retardancy for cellulose owing to

the di�erent decomposition mechanism revealed by thermal techniques.

Another important �nding of this chapter concerned the in�uence of nitrogen content on

the �ammability of treated cellulose. Compounds with higher N/P ratios such as PPDA

or PTA possessed excellent FR properties. The reason for this was suggested to be the

low thermal stability of P�N bonding and as result, earlier decomposition ofMPDA and

PTA as compared to dialkyl phosphoramidates.

Moreover, it was discovered that the ester bond P�O�C is responsible for char-forming

reactions, and thus, for the increase in the char yields. From chapter 4 we have learned that

DMP is a better FR than DEP . Hence, methyl groups are one of the key functionalities

for obtaining good FR properties.



Chapter 8

Decomposition of phosphoramidates:

investigation of gas and condensed

phases

The thermal decomposition of cellulose treated with phosphoramidates was studied in de-

tail in the present chapter. Phosphoramidates with representative FR properties: DMP ,

DEP , DMMP , DPP , DMHEP , MPDA and PTA have been selected for this study.

The chapter is divided into four sections.

In the �rst section the decomposition of cellulose treated with phosphoramidates was

studied using thermogravimetric analysis and the results were compared. Further, de-

composition products in the gas phase were investigated using an evolved gas analysis

technique, i.e. thermogravimetric analysis coupled with Fourier transform infrared spec-

trometry (TGA-FTIR). In the third section, the composition of the condensed phase i.e.

char residue at di�erent temperatures has been studied. Based on the experimental results,

attempts to draw possible reaction pathways for thermal decomposition of phosphorami-

dates were put forward in the fourth section.

95
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8.1 Comparative decomposition studies of treated cel-

lulose using TGA

Figures 8.1, 8.2, 8.3 and 8.4 show plots of the dependence of mass-loss on the temperature

for samples treated with phosphoramidates. The thermograms indicate three to four mass-

loss steps during the pyrolysis of the samples. The weight-loss for each step is indicated

on each �gure. This weight-loss, the decomposition temperature at the main step and the

char yield at 600� C are collated in Table 8.1.

Table 8.1 Pyrolysis data of cotton cellulose treated with phosphoramidates

P-con. Td M1 M2 M3 M4 � 600� C
[%] [� C] [%] [%] [%] [%] [%]

Cellulose n/a 387.1 5.5 n/a 75.9 4.5 14.2

DMP 1.01 260.2 5.4 n/a 53.3 12.2 29.1
DEP 1.17 262.8 6.2 n/a 49.0 16.4 28.4
DMMP 1.16 258.4 5.5 n/a 46.8 16.3 31.4
DMHEP 1.06 255.6 4.6 n/a 49.4 16.9 29.1
DPP 1.03 277.3 3.6 7.3 51.8 13.5 23.8
MPDA 1.13 253.2 6.3 8.5 33.9 16.6 31.9
PTA 1.01 249.7 7.6 10.7 32.0 17.4 32.3

The decomposition of cellulose treated with the selected phosphoramidates seemed to

follow pathways. The �rst stage (up to 200� C) is characterized by the desorption of water

from cellulose (M1). This step is observed equally for all samples, the averageof mass-loss

being 5.6� 2 %. The mass-loss during the second step is phosphoramidatespeci�c and

was observed forDPP , MPDA and PTA (M2). The third stage is characterized by

a rapid and the highest weight-loss (M3). This third stage is the main stage, where the

actual decomposition of cellulose characterized mainly bydepolymerization of the cellulose

molecule is taking place. At this step, most volatiles are evolved. In the �nal stage from

about 330� C to 600� C, the degradation of the residue is taking place (M4).

In general, after treatment of cellulose with phosphoramidates the decomposition temper-

ature Td as well as the mass loss at the main decomposition step M3 were reduced and

the char yields were increased (Table 8.1). The lowest decomposition temperature and

the highest char yields were found forPTA -treated samples, however, these values were



8.1. Decomposition studies using TGA 97

100 200 300 400 500 600

0

20

40

60

80

100

 

Temperature (°C)

R
e

si
d

u
a

l w
e

ig
h

t (
%

)

75.9%

5.5%

4.5%

-0.05

-0.04

-0.03

-0.02

-0.01

0.00

D
e

ri
v.

 W
e

ig
h

t (
%

)

100 200 300 400 500 600

0

20

40

60

80

100

12.2%

53.3%

5.4%

Temperature (°C)

R
e

si
d

u
a

l w
e

ig
h

t (
%

)

-0.02

-0.01

0.00

D
e

ri
v.

 W
e

ig
h

t (
%

)

DMP

Figure 8.1 Thermogravimetric analysis of virgin cellulose and cotton treated with DMP (P-
content 1 %)
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comparable with values obtained for other phosphoramidates like DMMP and MPDA .

Interestingly, the decomposition ofDPP -, MPDA - and PTA -treated cellulose proceeded

through four steps in distinction to the rest of phosphoramidates. This intermediate mass-

loss probably originates from the decomposition of phosphoramidate itself.
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Figure 8.5 Thermogravimetric analysis of pure DMP , DEP , DPP and DMMP

Figures 8.5 and 8.6 represent the decomposition of pure phosphoramidates. The mea-

surements were performed under the same conditions.DMP , DEP and DMMP start

to decompose nearly at the same temperature (approx. at 150� C). By 220� C the main

decomposition step is over. At this temperature the weight-loss was di�erent for all com-

pounds: 67.7 % forDMP , 97.6 % forDEP and 59.6 % forDMMP (Table 8.2). DEP has

simply volatilized without decomposition. DMP and DMMP underwent decomposition

probably via di�erent routes, as in case ofDMMP the products formed were stable at
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high temperatures.
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Figure 8.6Thermogravimetric analysis of pure DMMP , DMHEP , MPDA and PTA

DPP is much more stable to higher temperatures. The �rst weight-loss (9.2 %) was

recorded in the range 200� C�250� C and corresponds to the loss of 7.3 %, observed during

the decomposition ofDPP -treated cellulose (Fig. 8.3). The second weight-loss step

corresponds to the actual decomposition ofDPP and unlike for other phosphoramidates,

it coincided with the main decomposition step of treated cellulose.

Decomposition ofDMHEP resembles the decomposition ofDMMP (Fig. 8.6). However,

DMHEP forms even more stable decomposition products and forms more char (Table

8.2). PhosphoramidesMPDA and PTA have similar decomposition mechanisms that

proceed through two (evtl. three) steps. The residue is formed at approx. 300� C, which

is stable up to 600� C.
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Table 8.2 Pyrolysis data of pure phosphoramidates

FR M1 [%] M2 [%] M3 [%] M4 [%] � 600� C [%]

DMP 6.7 n/a 61.0 9.8 22.5
DEP 7.6 n/a 90.0 0.5 1.8
DMMP 8.4 51.2 21.9 22.6 15.1
DMHEP 5.7 15.5 45.0 n/a 33.8
DPP 9.2 n/a 69.6 0.8 20.4
MPDA 6.6 12.3 33.0 5.8 39.5
PTA n/a 17.5 35.8 7.5 39.0

Clearly, the decomposition mechanisms of phosphoramidates di�er from each other. In

order to get further insights on the the kind of formed species, the way they may be formed,

their e�ect on cellulose decomposition and to further understand the di�erent FR activity

of phosphoramidates, thermogravimetry with online FTIR spectrometry was employed in

the next step.

8.2 Evolved gas analysis using TGA-FTIR

The FTIR spectra were recorded using online TGA-FTIR spectrometry. The analysis

of spectra was performed at the temperatures, at which the weight-loss occurred in TG

measurements of pure phosphoramidates (Figs. 8.5 and 8.6).Assignments of the absorption

peaks were performed using the data from the literature or the data obtained by matching

the measured spectra with library spectra (Bruker Optics, Germany; NIST Web Chemistry

Library, USA).

The FTIR spectra of volatiles evolved from the heating ofDMP in TGA are presented

in Fig. 8.7. Bands characteristic for dimethyl phosphoramidate were observed (in cm� 1):

N-H (3511), NH2 (3417), CH3 as (2960), P=O (1295, stretch), C�O (1051), P�O�C (980,

aliphatic stretch) and P�O (831, stretch). The carbon dioxide band appearing at 2350

cm� 1 was attributed to the background spectrum. The library search for this spectra

revealed the dimethyl phosphoramidate being the main compound with the matching

index of 92 %. With the increase of the temperature in TGA, theintensity of the bands

has decreased, indicating the change of the concentration of DMP in the gas phase.
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Similar results were obtained when TGA-FTIR analysis was performed for DEP (Fig.

8.8). Characteristic bands observed were (in cm� 1): N�H (3504), NH 2 (3419), CH3 as

(2985), P=O (1288), C�O (1041), P�O�C (958) and P�O (892), wh ich matched the pattern

of DEP . In the ranges 4000�3500 and 1800�1300 cm� 1 the signals characteristic for the

presence of free hydroxyl were observed. These might have appeared due to the desorption

of water (DEP is highly hygroscopic). As in the case withDMP , no other characteristic

bands were detected except the ones originating from the phosphoramidate itself.
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Figure 8.9FTIR spectra of DPP upon heating in TGA (spectra are vertically shifted for clar ity)

Further, DPP was analyzed using TGA-FTIR (Fig. 8.9). Matching of the FTIRspectra

with the OPUS library indicated the presence of phenyl groups in the gas phase. The

weight-loss at 200� C�250� C can therefore be attributed to the evolution of species, con-

taining phenyl groups. The data was in accordance with literature: Shimasakiet al. have
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analyzed decomposition of diphenyl phosphoramidate usingTGA-MS and TG-TRAP-GC-

MS methods [143] and have observed the formation of phenyl ether and phenylamine in

the gas phase.

In TGA we have observed, that all phosphoramidates undergo decomposition. Detecting

the species formed during this decomposition using FTIR wasdi�cult, as a certain frac-

tion of phosphoramidates underwent volatilization (e.g.,DMP or DEP ), so that �nally

the spectrum of phosphoramidate is obtained. It therefore was not possible to detect any

bands originating from other compounds. As forDPP the analysis showed the formation

of volatiles containing phenyl groups, but the exact assignment of spectra to the com-

pounds was impossible. Although some phosphoramidates volatilize upon heating, the

decomposition occurs in the condensed phase (TG analysis).Taking this into account, the

research was continued with the investigation of the condensed phase using31P NMR.

8.3 Investigation of the condensed phase using NMR

For the NMR analyses in the solid phase the samples of the phosphoramidates in alumina

crucibles were taken out of the furnace at temperatures, at which either the weight-loss or

the maximum weight-loss rate took place. They were cooled inliquid nitrogen, dissolved in

a deuterated solvent and subjected to further analyses by means of31P, 1H and 13C NMR

(for the measurement parameters see SectionExperimental). The results were based on the

comparison with reference spectra measured under the same conditions and/or literature

data. It is important to mention that the residues taken out at temperatures higher than

300� C were only slightly soluble in deuterated methanol, so thatsolely the soluble part

was analyzed in NMR.

8.3.1 Decomposition of dimethyl phosphoramidate

Figure 8.10 reveals the31P spectra of dimethyl phosphoramidate taken at four di�erent

temperatures.

Through the decomposition ofDMP following signals were observed in31P NMR: 14.3 ppm
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Figure 8.10Decomposition ofDMP : 31P NMR spectra (for clarity, spectra are shifted vertically;
measured ind4-CD3OD)

(dimethyl phosphoramidate, lit. 15.2 ppm [144]), 2.3 ppm (trimethylphosphate, lit. 2.4 ppm

[145, 146]), unassigned signals with rather low intensity relatively to DMP at �10.5 to

�9.0 ppm and signals at �21.3 ppm and �24.5 to �23.5 ppm.

At 180� C about 10 % of DMP is volatilized, but 90 % remained and yielded the signal

at 14.3 ppm. At this temperature, trimethylphosphate and some condensation products

were also detected (derivatives of diphosphoric acid yield31P-signals in the range �12.0 to

�9.0 ppm, e.g. �9.8 ppm for dimethyl dihydrogen diphosphoric acid, [147]). The formation

of pyrophosphates from phosphoramidates has also been observed by other researchers

[148].
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At 200� C about 70 % of weight is lost (volatilization) and in the remaining 30 % DMP

was not observed, but its decomposition products. Apart of the possible presence of

pyrophosphoric acid derivatives (�12.0 to �9.0 ppm), the high-intensity signal at �21.3 ppm

and small signal at �24.5 were observed. Unfortunately, theexact assignment of these

signals was rather di�cult. In 1H and 13C NMR spectra a doublet at 3.72 ppm (1H NMR),

and singlet at 52.2 ppm (13C NMR) were observed, which were assigned to methyl CH3O

group. By performing a thorough literature search the possible species appearing at this

range were found to be cyclic structures containing nitrogen (Table 8.3).

At 600� C about 24 % of residue was present. This residue was soluble neither in CD3OD

nor in D2O, therefore no signals in31P NMR were observed. We believe that the residue

is a highly cross-linked insoluble network. The formation of such structures has already

been observed by Langleyet al.. They proposed their formation as a result of the presence

of P-N bonds [149].

Thereby using NMR it was possible to establish that althoughthe DMP undergoes mainly

volatilization (rapid weight-loss at 190� 200� C), some part of it decomposes with the

formation of acidic species, pyrophosphates, further decomposition of which leads to the

formation of stable residues. How would the decomposition look like for DEP ?

8.3.2 Decomposition of diethyl phosphoramidate

The decomposition pathways ofDEP and DMP are di�erent. Decomposition of diethyl

phosphoramidate does not result in the formation of residue(Fig. 8.11). Only 2.3 %

remained at 600� C. Diethyl phosphoramidate its stable up to 240� C (reference signal at

12.3 ppm, lit. [144, 15]).

At 210� C two weak signals were detected at 0.53 and � 1.2 ppm, respectively. At this tem-

perature, more than 95 % ofDEP was lost due to volatilization and further analysis was

performed for remaining 3-5 %. The signal at � 1.2 ppm was assigned to triethylphosphate

(ref. peak � 1.1 ppm, lit. � 1.0, � 1.2 ppm [101, 150, 151]). Several other peaks occurred at

240� C in the region of � 11.2 to � 12.5 ppm which were assigned as condensation products

of diethyl phosphoramidate and/or diethyl phosphate.
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At 280� C, DEP vanished giving rise to signals in the negative area of spectrum. The

signal at � 0.4 ppm belongs to phosphoric acid esters such as diethyl hydrogenphosphate

(� 0.6 ppm, � 0.9 ppm [151, 152]) or ethyl dihydrogen phosphate. The high-intensity signal

at �11.4 ppm originated probably from condensation products of these esters. Interestingly,

one signal (1.05 ppm) was detected at 600� C, that most probably originates from oligomeric

derivatives of phosphoric acid.
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Figure 8.11Decomposition ofDEP : 31P NMR spectra (for clarity, spectra are shifted vertically;
measured ind4-CD3OD)

Although about 90 % of DEP was volatilized before actual decomposition has started,

the decomposition pattern ofDEP had some similarities withDMP . Acidic species like

hydrogen or dihydrogen esters were detected in both cases. These esters have probably

condensed to oligomeric compounds at high temperatures (240� C-360� C). The most im-
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portant �nding here is that DEP is more thermally stable thanDMP . DEP was still

present at 200� C, whereas the signal ofDMP vanished at this (or even lower) temperature.

As a further step, similar analysis ofDPP was performed.

8.3.3 Decomposition of diphenyl phosphoramidate

Diphenyl phosphoramidateDPP reveals a more complex decomposition pattern, as found

in previous experiments involving cellulose (Fig. 8.6). Therefore it was interesting to

correlate TGA data with results from 31P NMR.
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Figure 8.12Decomposition ofDPP : 31P NMR spectra (for clarity, spectra are shifted vertically;
measured ind4-CD3OD)

DPP is stable up to 240� C. This is observed from the TGA of treated cellulose (Fig.
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8.3), as well as from TGA of pure diphenyl phosphoramidate (Fig. 8.5). However, be-

fore the main decomposition starts, the weight-loss of 7.3 %was observed equally for

DPP -treated cellulose and pureDPP . This weight-loss is characterized by the forma-

tion of phenyl dihydrogen phosphate (� 5.05 ppm), diphenyl phosphate (� 9.86 ppm),

tetraphenyl iminodiphosphate (� 10.85 ppm, lit. �10.7 ppm [153, 154]), triphenylphos-

phate (� 17.32 ppm, ref. �17.3 ppm [145, 150]) and tetraphenyldiphosphate (� 23.6 ppm,

lit. �24.0 ppm [144, 155, 156]) (Fig. 8.12). Low intensity signal at 9.1 ppm was not

assigned. PureDPP yields 31P-signal at 3.2 ppm (lit. 2.3 ppm, 2.6 ppm [144, 153]).

Next 31P NMR measurement was made at 280� C during the main decomposition step

(residual weight about 60 %). The decomposition pattern looked similar to the one at

240� C, except that the intensity of the DPP -signal decreased and the intensity of of the

unassigned signal at 9.1 ppm increased. At 360� C the weight-loss comprised 26.2 %, in

which diphenyl phosphoramidate as well as the majority of signals observed before have

not been detected. Instead, two intense signals at �0.65 ppmand �12.6 ppm appeared

which were unfortunately not assigned. The soluble part of the 23.8 %-residue at 600� C

contained some acidic derivatives with31P NMR signals at �0.60, �0.94 and �12.24 ppm.

A thorough literature search was conducted to �nd species giving signals in the range

from �20 ppm to �10 ppm. The kind of compounds that might form and their shifts with

references from the literature are put together in Table 8.3. It is possible that acidic

species upon heating might condense not only to phosphoric acids and its derivatives, but

also to cyclic compounds, like the ones presented in Table 8.3.

In contrast to DMP and DEP , DPP does not undergo volatilization, but directly starts

to decompose at 200� C. At this step, the formation of diphenyl phosphate and triph-

enylphosphate takes place at the expense of phenol. The water required for this reaction

might come either from absorbed water or from the small amounts of water present in

the reaction gas (nitrogen). The acidic derivatives are then able to dehydrate cellulose to

form thermally stable char. A similar mechanism was proposed by Shimasakiet al. [143]

(signal at 9.0 ppm was not assigned as well).

If compared to DEP , the decomposition pattern ofDPP appears to be very similar, as

DEP was still present at high temperatures. However, the formation of acidic species

occurred at lower temperatures forDPP . As a result, DPP was found to be a better FR
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for cellulose thanDEP . The reason for that lies in the superior leaving group ability of

aryl esters of phosphoric acids relative to that of corresponding alkyl esters [63].

However, if compared toDMP , diphenyl phosphoramidate possesses inferior FR proper-

ties. We believe that this is due to the ability of DMP to degrade to acidic species at

lower temperatures. In the next step, the decomposition ofDMMP , DMHEP , MPDA

and PTA (being exhibitory �ame retardants for cellulose) was investigated in order to

complete the study and draw the decomposition mechanisms.

8.3.4 Decomposition of dimethyl-(methyl) phosphoramidat e

Decomposition ofDMMP -treated cellulose was similar to the decomposition ofDMP -

and DEP -treated cellulose (Figs. 8.1 and 8.1) all exhibiting threecharacteristic mass-

loss steps. However, the TG-curve obtained for pureDMMP was completely di�erent.

Therefore thermal degradation ofDMMP was studied more in detail using31P NMR

spectrometry.

Three stages of decomposition (weight-loss) have been distinguished forDMMP : 0-200� C,

200-400� C and 400-600� C (Fig. 8.13). During the �rst stage the true degradation occurred:
31P-signal of DMMP (12.9 ppm) was observed up to 180� C and vanished at higher tem-

peratures (Fig. 8.14). During this step, 40 % of weight was lost at the expense of acidic

species formation, which were �rst detected at 130� C. The signals in the range 0 to �2 ppm

and �12 to �10 ppm originated from the presence of trim ethyl phosphate, dimethyl hydro-

gen phosphate and their condensation products. At 180� C an intense signal at �22.7 ppm

appeared. The same signal has already been observed earlierfor DMP indicating that it

might originate from the same reaction.

During the second decomposition step at 200-400� C about 25 % of weight was lost. This

step was accompanied by several reactions, involving the signal at �22.7 ppm as an inter-

mediate: it was observable up to 280� C and vanished between 280� C and 360� C, giving

rise to the signal at �0.85 ppm. The intensity of this signal was observed to increase in the

same temperature range.

The last decomposition step at 400-600� C might be characterized as oligomerization of
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Table 8.3 Species that might arise at the decomposition of phosphoramidates

� in 31P [ppm]

Compound Structural formula Found Literature Ref.

dihydrogen-
triphosphate ion P

O

O

OH

O P

O

O

O P O

O

OH

-
�10.3,
�22.5

[157]

dihydrogen-
phosphate ion

P

O

O
HO

HO

- 0.53 [158]

pyrophosphoric acid P

O

O
HO

HO

P

O

OH

OH

-
�11.5,
�10.9

[159, 150,
160]

hydroxytrimethoxyphos-
phonium ion

P

OCH3

OH
H3CO

H3CO

- 2.0 [158]

tetramethoxyphos-
phonium ion

P

OCH3

OCH3

H3CO

H3CO

- 2.0 [158]

1,3,5,2,4,6-trioxatriphos-
phinane-2,4,6-triolate-

2,4,6-trioxide P

O
O

O

P

O O

O

P
O

O

O

-
�21.2,
�20.8

[153, 157]

1,3,5,7,2,4,6,8-tetraoxo-
tetraphosphocane-

2,4,6,8-tetrolate-2,4,6-
trioxide P

O

O

O

P
O

O

PO
O

O

O P

O

O

O

-
�23.13,
�22.97

[157, 161]

1,3,5,2,4,6-dioxazatri-
phosphinane-2,4,6-tri-

olate-2,4,6-trioxide P

O
O

O

P

O O

O

P
N
H

O

O

-
�10.4,
�20.2

[162]
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the compound detected at �0.85 ppm (broad low-intensity peak at 600� C). However, the

detected signal originates only from the tiny soluble part of the residue (17.8 %).

Compared to the decomposition ofDMP and DEP , the decomposition ofDMMP was

very interesting primarily because of the distinguished three steps of mass-loss. In case

of DMMP more stable compounds have been formed at 200� C. This can be associated

with the formation of some acidic species, that gave rise to the 31P NMR-signals in the

range �12 to �10 ppm.
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Figure 8.13Decomposition of DMMP : 31P NMR spectra (for clarity, spectra are shifted ver-
tically; measured in d4-CD3OD)

Although these signals were detected also forDMP and DEP , they had much lower

intensity (DMP ) and appeared at much higher temperatures (DEP ). Apparently, the
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FR properties of cellulose treated withDMP , DEP and DMMP were a�ected by the

formation of these intermediate products. The FR properties of DMMP were reported

to be better than for DEP , but inferior compared to DMP . In other words faster dis-

integration of these intermediates improved FR propertiesof DMP , but their absence

in case ofDEP decreased its FR properties. Obviously, the substitution of hydrogen in

aminogroup to methyl is responsible for this phenomenon. How the substitution of methyl

to hydroxyethyl group would a�ect the formation of these intermediates?
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Figure 8.14 Decomposition of DMHEP : 31P NMR spectra (for clarity, spectra are shifted
vertically; measured in d4-CD3OD)
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8.3.5 Decomposition of dimethyl-(2-hydroxyethyl) phosph orami-

date

Decomposition of dimethyl-(2-hydroxyethyl) phosphoramidate has been studied in detail

analogously toDMP , DEP , DPP and DPP . The TGA analysis revealed the decom-

position process ofDMHEP to proceed through several steps. The �rst step from 0� C

to 200� C was characterized by a weight-loss of 18 %. The transition between the second

and the third steps could not be clearly distinguished, but we believe the decomposition

proceeded through three steps similarly to the decomposition of DMMP .

At 100� C the only signal corresponding toDMHEP was observed at 13.8 ppm (Fig. 8.14).

It vanished between 100� C and 260� C. Therefore, volatilization has occurred in the �rst

step of decomposition. Further, at 260� C the signal at �20.0 ppm was observed. At 360� C

it vanished giving rise to the new signals at 2.4, �9.3 and �11.2 ppm. The attention should

be drawn to the intensity of these signals. In relation to thebackground the intensities were

low, indicating low concentration of these species in the solvent, which in turn indicates

low solubility of the residue at these high temperatures. Only one signal at 2.1 ppm was

detected at 450� C and 600� C. The percentage of residue left at 600� C amounted to 28 %.

The decomposition pattern ofDMHEP strongly resembles the pattern ofDEP . Although

the species yielding signals in the range �12 to �10 ppm were detected in case ofDMHEP ,

their formation was observed at high temperatures similarly to DEP . Moreover, the signal

at �11.2 ppm was observed at higher temperatures as well. At 600� C, one single peak at

1.05 ppm forDMHEP and at 2.1 ppm forDEP was observed. However, the FR properties

of DMHEP were found to be superior as ofDEP . We therefore conclude that in this

particular case other factors interfere such as better retention of DMHEP on cellulose.

8.3.6 Decomposition of methylphosphorodiamide and phosph o-

ric triamide

Decomposition ofMPDA proceeds through three stages similar toDMMP andDMHEP .

During the �rst stage up to 160� C the MPDA is the main component (Fig. 8.15). From

160� C to 300� C the actual decomposition occurs and the signal ofMPDA at 11.5 ppm
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vanishes. The signal at 2.1 ppm with low intensity was observed. One further smaller

peak was seen at approx. �10 ppm indicating the formation of condensation products. At

460� C, the intensity of both peaks at 2.1 and �10 ppm was noticeably increased. This step

is characterized by the mass-loss of 35 %. From this temperature up to 600� C no changes

were detected: the product obtained appeared to be stable atthese high temperatures.

The decomposition ofPTA proceeded through the same steps asMPDA . Surprisingly,

no NMR signals at each step ofPTA decomposition were detectable. We believe that

PTA simply polymerized upon heating. Klementet al. observed the formation of highly

condensed substances insoluble in water, when they heatedPTA to 140� C [163]. The loss

of 65 % occurred most probably due to release of ammonia.

40 30 20 10 0 -10 -20 -30 -40

100 200 300 400 500 600

0

20

40

60

80

100

460°C

360°C

 

 

Chemical shift (ppm)

160°C

360°C

160°C

160°C

 

 

R
e

s
id

u
a

l w
e

ig
h

t (
%

)

Temperature (°C)

600°C

460°C

Figure 8.15Decomposition of MPDA : 31P NMR spectra (for clarity, spectra are shifted verti-
cally; measured ind4-CD3OD)
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In chapter 7 MPDA and PTA were shown to possess superior FR properties over other

studied phosphoramidates. This behaviour can be explainedby the ability of MPDA and

PTA to form polymers upon heating, which can further form thermal barrier and protect

cellulose �bers from high temperatures.

8.4 Mechanism of the phosphoramidates degradation

Based on the results obtained using TGA with subsequent31P NMR analysis we have at-

tempted to draw the possible mechanism of action of dialkyl phosphoramidates. Fig. 8.16

re�ects the mechanism of the decomposition of dialkyl/aryl/phosphoramidates. All tested

phosphoramidates underwent decomposition in a similar way, through formation of struc-

turally similar phosphoric acid esters. The main distinction was the temperature, at which

phosphoramidate has started to decompose.

As the formation of condensation products was observed for all phosphoramidates, the

formation of (ii ) through (i) was suggested as the condensation product of two moleculesof

dialkyl/aryl/phosphoramidates (reaction 1). The lone pair of nitrogen could be transferred

to the unoccupied orbital of phosphorus to give unstable intermediate (i), where P' atom

is stabilized by elimination of alcohol molecule. This reaction seemed to be happening

readily upon increasing the temperature.

The formation of acidic species was suggested to occur upon cleavage of condensation

product (ii ) through the reaction with alcohol. Further, alcohol can attack (ii ) at the P�

atom because of its lower electron density forming intermediate (iii ) (reaction 2). The re-

arrangement and cleavage of P�N bond would lead to the formation of monoalkyl/aryl/di-

phosphoramidate and trialkyl/aryl/phosphate (detected in 31P NMR for all phosphorami-

dates). Amides of phosphoric acid can also polymerize to form polyphosphoramide, which

was found to be a more e�ective catalyst in dehydration reactions than phosphoric acid

[15].

Moreover, compound (iii ) might undergo dehydration, where water important for later

hydrolysis is being formed (reaction 3). Trialkyl/aryl/phosphate may undergo hydrolysis

(reaction 4) with the formation of dialkyl/aryl/ hydrogenp hosphate, alkyl/aryl/dihydrogen
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phosphate and phosphoric acid. Further, they might in turn undergo condensation to

pyrophosphoric acid and its esters (peaks in31 NMR at �10 ppm). It is known, that

oligomers and polymers of phosphoric acid and its esters areeven better phosphorylating

agents as phosphoric acid itself [46]. These polyacids are very strong mineral acids and

are capable of protonating and dehydrating other species. Char formation is believed to

be greatly facilitated by the presence of such strong acids.



120
C

hapter
8.

D
ecom

p
osition

of
phosphoram

idates

P

O

RO

RO NH2

P

O

H2N

RO OR

+ P

OH

RO

RO NH2

N

H

P

O

OR

OR

-ROH
P

O

RO NH2

N

H

P

O

OR

OR

P

O

RO NH2

N

H

P

OH

OR

OR
OR

P

O

RO NH2

P

O

OR

ORRO

+
NH2

1

P

O

RO NH2

N

H

P

O

OR

OR

ROH2

P

O

RO NH2

N

H

P

OH

OR

OR
OR

3 P

O

RO
NH2

N P

OR

OR

OR

-H2O

P

O

OR

ORRO

4 H2O P

O

OH

ORRO

H2O
-ROH -ROH

P

O

OH

OHRO

P

O

OR

ORRO

5 + P

O

RO

ORRO

H2O
-ROH

P

O

OH

OHHO

P

O

O

OR

RO
P

O

OR

OR R = CH3; C2H5; C6H5

(ii)(i)

(iii)2
1

-H2O

-ROH

+

+

(iii)

dialkyl phosphoramidate P'-alkylaminio-P''-dialkyl iminodiphosphate

(ii)

alkyl phosphorodiamide trialkyl phosphate

P'-alkylamino-P''-trialkyl imidodiphosphate

trialkyl phosphate dialkyl hydrogen phosphate monoalkyl dihydrogen phosphate phosphoric acid

+ +

trialkyl phosphate tetraalkyl diphosphate

Figure 8.16Proposed decomposition mechanism of dialkyl(aryl)phosphoramidates



8.5. Conclusions 121

8.5 Conclusions

Using the TG analysis with subsequent31P NMR spectrometry it was possible to in-

vestigate the stepwise decomposition of phosphoramidates. It was determined that the

decomposition pathways of phosphoramidates are quite similar to each other. At high

temperatures phosphoramidates undergo condensation withthe release of corresponding

alcohol. The alcohol in turn reacts with condensation products to yield amides and tri-

alkyl phosphates. Upon hydrolysis these would produce hydrogen phosphates and later

phosphoric acid. Phosphoric acid and alkyl phosphates can undergo condensation re-

actions with the formation of polyphosphoric derivatives. These are well-known strong

dehydrating agents, able to easily phosphorylate cellulose and disintegrate it.

However, some di�erences in the decomposition pathways of phosphoramidates and phos-

phoramides were detected, for example the kinetics of the decomposition was found to

be di�erent. Dimethyl phosphoramidate DMP decomposed to acidic species earlier than

diethyl phosphoramidateDEP and diphenyl phosphoramidateDPP . The earlier desinte-

gration of DMP to acidic species explains its better FR behaviour, as the acidic species

catalyze the decomposition of cellulose at lower temperatures, thus decreasing the forma-

tion of �ammable species and increasing char yields.

Last but not least, phosphoric amidesMPDA and PTA are able to polymerize upon

heating. The so-formed polymers are stable to high temperatures and are believed to act

as a protective barrier between �ame and cellulose �bres.
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Conclusions and Outlook

In the present Thesis, the FR properties of cellulose, treated with twenty di�erent phospho-

ramidates were investigated. The results obtained were thoroughly compared with each

other in order to �nd the reasons for the di�erent FR behaviour of phosphoramidates.

The most e�cient FRs for cellulose were found to beDMP , DMHEP and PTA . Al-

though a clear correlation of FR structure to its propertiesis not possible (mainly because

of the large number of physical and chemical variables involved), we succeeded in estab-

lishing the basic factors that govern the FR properties of phosphoramidates:

� The ratio of carbon to phosphorus.

Dimethyl phosphoramidateDMP showed excellent FR properties. The low ratio

of carbon to phosphorus, or fuel-like to FR element is one of the crucial properties

of successful �ame retardant. However, a low C/P ratio must always be considered

for molecules with similar chemical nature. Alike aryl phosphoramidates exhibited

comparably good FR properties, although the C/P ratio was higher. However, these

are not considered as good FRs for cellulose because of low solubility in polar solvents

and low a�nity to cellulose. Arylphosphoramidates are therefore excellent FRs for

other polymers.

� The presence of reactive sites like primary aminogroups NH2.

The FR properties of a phosphoramidate are increased with the stronger interaction

of a phosphoramidate with cellulose. In a phosphoramidate molecule, aminogroups
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are an active site to interact with cellulose owing to their basic nature. Phospho-

ramidates with tertiary aminogroups (DMDMP ) have no useful FR properties at

all because of the absence of polar "anchors" which are important for the uptake of

compound on the cellulose. Hence, successful FRs must contain polar moieties.

� Steric e�ects.

Geometry and spacial arrangement of the substituents at thesite of the phosphorus

atom in�uence the ability of an aminogroup to interact with cellulose molecules.

DMP possesses superior FR properties thanks to its smaller molecular size, which

enables a higher degrees of cellulose phosphorylation. In an other example,DMHEP

is a superior FR when compared toDMHBP , where hydroxyethyl groups hinder

the interaction with aminogroup.

� The ability to form acidic species and stable residues upon heating.

DMP undergoes decomposition with the formation of acidic species at lower tem-

peratures. These acidic intermediates are then able to phosphorylate cellulose with

the formation of char. All phosphoramidates were shown to form such species. Their

formation at lower temperature improves the FR properties.Moreover,PTA is able

to form stable polymers during heating. These polymers act as thermal barriers thus

preventing combustion of cellulose �bers.

� The presence of hydroxyl groups.

The hydroxy groups in the phosphoramidate molecules are char-promoting agents.

The presence of the hydroxyls not only promotes the interaction with cellulose, but

also facilitates the absorption of water, which in turn promotes the hydrolysis of

the phosphoric acid derivatives and therefore increases the char formation. The

substitution of a proton in the hydroxyl to methyl group was shown to have drastic

consequences for the FR properties of phosphoramidate. With the reduced ability to

interact with cellulose, the P�NH�(CH 2)n �OCH 3 phosphoramidates loose their FR

properties.

The present study is by far not exhaustive. At this stage we would like to make some

propositions for further research projects:



124 Chapter 9. Conclusions and Outlook

O

OH

HO
HO

OH
OH

O

OH

O

O
O

O

O
O

O
HO

HO

OH

OH

OH

HO

OH

OH

Alpha-D-Glucose
1.2;3,4-bis-O-(1-methylethylidene)-
alpha-D-Galactopyranose

Cellobiose

Figure 9.1 Model compounds to replace the complex molecule of cellulose in the study of the
decomposition in the presence of phosphoramidates

P

O

MeO NH

NH

OH
OH P

O

R-HN NH-R

NH-R

Ethyl phosphorobis-
(N, N'-2-hydroxyethyl) amide

Phosphoric tris-(N, N', N''-2-hydroxyethyl) amide

P

O

MeO
MeO N

P

O

OMe
OMe

P

O

MeO
MeO N

P

OMe

OMe
OMe

P

O

MeO
H2N N

H

P

O

OMe
NH2

Tetramethyl 2-hydroxyethyl 
iminodiphosphate

Phosphorimidic acid, phosphonopentamethyl ester

(CH2)2OH

R = (CH2)2OH

1,2-methylamino-iminodiphosphate

Figure 9.2Phosphoramidates, phosphorimides and iminophosphates tocomplement the studies



125

� The detailed analysis of the decomposition ofMPDA and PTA . The FTIR anal-

ysis of species that might evolve during heating ofMPDA and PTA , FTIR-ATR

analysis of polymers these compounds form, microscopic investigation of chars could

provide further valuable information to support the �ndings of the present Thesis.

� The complexity of the cellulose molecule made it extremely di�cult to study its

decomposition in the presence of phosphoramidates. Several alternative compounds

as a substitute for cellulose for a decomposition study are suggested in Fig. 9.1.

� Hyphenated techniques like Pyrolysis-GC-MS might be involved for the further stud-

ies of the decomposition of phosphoramidates.

� Several interesting structures can be designed to further complement the studies

(Fig. 9.2)



Chapter 10

Experimental

10.1 Materials

Cotton fabrics (180 g/m2, plain weave, bleached, without optical brightener, yarn count

26 per cm2 in the wrap and 23 yarn per cm2 in the weft with the density of 35 tex)

were kindly supplied by Empa Testmaterialien AG (St. Gallen, Switzerland). Avicel PH-

101 were obtained from Sigma-Aldrich (Switzerland). Oxygen and nitrogen gases used for

LOI, MCC, TGA and TGA coupled techniques were dry ultra-highpurity grades obtained

from Carbagaz (Switzerland).

10.2 Chemicals

Diethyl hydrogen phosphateDEHP , diethyl ethylphosphonateDEEP , triethyl phosphate

TEP and dimethyl phosphoramidateDEP were purchased from Fluka (Switzerland) and

were used as received without further puri�cation. Phenyl phosphorodiamidePPDA was

purchased from Alfa Aesar (USA) and was used without furtherpuri�cation.

126



10.3. Syntheses 127

10.3 Syntheses

Dimethyl phosphoramidate DMP

MF: C2H10O3PN

MW: 127.079 g/mol

w/w %: P 24.37 %, N 11.02 %
P

O

NH2

H3CO

H3CO

Dried ammonia was bubbled through a solution of dimethyl hydrogen phosphite (22.01 g,

18.34 mL, 0.20 mol) and carbon tetrachloride (30.76 g, 19.35mL, 0.20 mol) in dried DCM.

The reaction mixture was cooled down to� 5� C using ice-salt bath. Ammonia was purged

through the solution during 2 h, and afterwards ammonium chloride was �ltered o� and

washed with DCM to remove the rests of dimethyl phosphoramidate. DCM was removed

from the �ltrate and the resulting dimethyl phosphoramidate was collected without fur-

ther puri�cation.

Yield 98.7 %. Colourless oil, bp = 214� C (760 Torr)
1H NMR (250.13 MHz, CDCl3): � = 3:70 (d, 3JPH = 11:2 Hz, 6H, CH3O), � = 3:35 (s,

2H, NH2)
13C NMR (62.9 MHz, CDCl3): � = 53:1 (d, 2JPC = 5:5 Hz, 2C,CH3O)
31P NMR (101.3 MHz, CDCl3): � = 12:0 (s)

IR (cm� 1): 3241 (N�H), 3122 (NH2), 2954 (as, CH3), 2852 (s, CH3), 1573 (NH2, scissoring),

1462 (as,� , CH3), 1223 (P=O), 1018 (as, P�O�C), 817 (as, P�O)

Anal. calc. for C2H8O3PN: C, 19.21 %; H, 6.45 %; O, 38.38 %; P, 24.77 %; N, 11.20 %

Found: C, 19.10 %; H, 6.73 %; O, 38.70 %; P, 24.53 %; N, 10.87 %

HPLC/MS (ESI): 1 peak, [M+ ], m=z = 126:0
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Di-n-butyl phosphoramidate DBP

MF: C8H20O3PN

MW: 209.223 g/mol

w/w %: P 14.80 %, N 6.69 %
P

O

NH2

n-C4H9O

n-C4H9O

Synthesis ofDBP was performed analogously toDMP . For the reaction, di-n-butyl hy-

drogen phosphite (19.42 g, 19.52 mL, 0.1 mol) and carbon tetrachloride (15.38 g, 9.68 mL,

0.10 mol) in dried DCM were taken. The reaction mixture was cooled down to� 5� C using

ice-salt bath. Ammonia was purged through the system during2 h, but the reaction was

not intensive without a base. TEA (10.12 g, 14.00 mL, 0.10 mol) was added to the reaction

mixture, and the �ask was additionally heated up to 30� C. After approximately 3 h am-

monium chloride and triethylamine hydrochloride were �ltered o� and washed with DCM

to remove the rests of di-n-butyl phosphoramidate. DCM was removed from the �ltrate

and the resulting dimethyl phosphoramidate was collected without further puri�cation.

Yield 87.4%, yellowish oil, bp = 270� C, (760 Torr)
1H NMR (300.0 MHz, CDCl3): � = 0:95 (t, 3JHH = 7:2 Hz, 6H, CH3�CH 2), 1.43 (sex,
3JHH = 7:0 Hz, 4H, CH3�C H2), 1.69 (quin, 3JHH = 7:6 Hz, 4H, CH3�CH 2�C H2), � =

2:89 (s, 2H, NH2), 4.07 (q, 3JHH = 6:6 Hz, 4H, CH2�O)
13C NMR (50.3 MHz, CDCl3): � = 13:6 (s, 2C,CH3�CH 2), 18.8 (s, 2C, CH3� CH2), 32.5 (d,
2JPC = 7:0 Hz, 2C, O�CH2� CH2), 66.4 (d, 2JPC = 5:6 Hz, 2C, O�CH2)
31P NMR (121.5 MHz, CDCl3): � = 9:5 (s)

IR (cm� 1): 3251 (N�H), 3131 ( NH2), 2958 (as, CH3), 2848 (s, CH3), 1574 (NH2, scissor-

ing), 1466 (as,� , CH3), 1239 (P=O), 1028 (as, P�O�C)

Anal. calc. for C8H20O3PN: C, 45.93 %; H, 9.63 %; O, 22.94 %; P, 14.80 %; N, 6.69 %

Found: C, 45.64 %; H, 9.58 %; O, 22.85 %; P, 14.87 %; N, 6.57 %

HPLC/MS (ESI): 1 peak, [M+ ], m=z = 209:0
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Di-isopropyl phosphoramidate DiPP

MF: C6H16O3PN

MW: 181.170 g/mol

w/w%: P 17.10 %), N 7.73 %
P

O

NH2

i-C3H7O

i-C3H7O

Synthesis ofDiPP was performed analogously toDMP and DBP . For the reaction, di-

iso-propyl hydrogen phosphite (16.61 g, 16.67 mL, 0.1 mol),carbon tetrachloride (15.38 g,

9.68 mL, 0.1 mol) and TEA (10.12 g, 14.0 mL, 0.1 mol) were taken.

Yield 92.7 %, slightly yellow crystals, mp = 67� C, bp = 234� C (760 Torr)
1H NMR (300.0 MHz, CDCl3): � = 1:36 (d, 3JHH = 6:0 Hz, 12H, CH3�CH), � = 2:69 (s,

2H, NH2), 4.66 (sex,3JHH = 7:2 Hz, 2H, CH3�C H )
13C NMR (75.5 MHz, CDCl3): � = 23:8 (ddd, 2JPC = 1:6 Hz, 3JPC = 14:6 Hz, 4C,CH3�

CH), 71.0 (d, 2JPC = 5:5 Hz, 2C, CH3� CH)
31P NMR (121.5 MHz, CDCl3): � = 7:6 (s)

IR (cm� 1): 3341 (N�H), 3255 (NH2), 2974 (as, CH3), 2848 (s, CH3), 1571 (NH2, scissor-

ing), 1468 (as,� CH3), 1217 (P=O), 1019 (as, P�O�C)

Anal. calc. for C6H16O3PN: C, 39.78 %; H, 8.90 %; O, 26.49 %; P, 17.10 %; N, 7.73 %

Found: C, 40.31 %; H, 8.99 %; O, 27.42 %; P, 15.79 %; N, 7.46 %

HPLC/MS (ESI): 1 peak, [M+ ], m=z = 181:7
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Dimethyl-(methyl) phosphoramidate DMMP

MF: C3H10O3PN

MW: 139.090 g/mol

w/w %: P 22.27 %, N 10.07 %

P

O

N
H

H3CO

H3CO

Synthesis of DMMP was performed as following: to the methylamine, taken as 2M

solution in THF (6 g of methylamine, 100 mL of solution) and TEA (14.21 g, 19.53 mL,

0.2 mol) in tetrahydrofurane, dimethyl hydrogen phosphite(22.01 g, 18.34 mL, 0.2 mol) to-

gether with carbon tetrachloride (30.76 g, 19.35 mL, 0.2 mol) was added slowly dropwise.

The reaction mixture was cooled to� 5� C using ice-salt bath. At the end of the reaction,

solution was �ltered to remove triethylamine hydrochloride, and the rest components to-

gether with solvent were removed under vacuum. Dimethyl methylphosphoramidate was

washed with diethyl ether to purify the product from the rests of the triethylamine hy-

drochloride.

Yield 88.1 %, yellowish oil, hygroscopic, bp = 204� C (760 Torr)
1H NMR (250.13 MHz, CDCl3): � = 2:59 (dd, 3JPH = 11:7 Hz, 3JHH = 5:2 Hz, 3H, NH-

CH3), 3.71 (d, 3JPH = 11:0 Hz, 6H, CH3O)
13C NMR (75.5 MHz, CDCl3): � = 27:3 (s, 1C, NH-CH3), 52.8 (d, 2JPC = 5:3 Hz, 2C,

CH3O)
31P NMR (101.3 MHz, CDCl3): � = 12:9 (s)

IR (cm� 1): 3243 (N�H), 2953 (as, CH3), 2851 (s, CH3), 1432 (as,� CH3), 1229 (P=O),

1016 (as, P�O�C), 822 (as, P�O)

Anal. calc. for C3H10O3PN: C, 25.91 %; H, 7.25 %; O, 34.51 %; P, 22.27 %; N, 10.07 %

Found: C, 26.71 %; H, 7.54 %; O, 35.41 %; P, 21.23 %; N, 9.50 %

HPLC/MS (ESI): 1 peak, [M+ ], m=z = 139:9
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Dimethyl-(ethyl) phosphoramidate DMEP

MF: C4H12O3PN

MW: 153.117 g/mol

w/w %: P 20.23 %, N 9.15 %

P

O

N
H

H3CO

H3CO

Synthesis ofDMEP was performed analogously toDMMP : solution of ethylamine (6 g

of ethylamine, 100 mL of solution) in THF was taken to react with dimethyl hydrogen

phosphite.

Yield 87.7 %, hygroscopic, yellowish oil, bp = 217� C (760 Torr)
1H NMR (250.13 MHz, CDCl3): � = 1:09 (t, 3JHH = 7:2 Hz, 3H, CH3), 2.87 (m, 2H,

NH�C H2), � = 3:12 (s, 1H, NH), 3.64 (d,3JPH = 11:0 Hz, 6H, CH3�O)
13C NMR (75.5 MHz, CDCl3): � = 17:2 (d, 3JPC = 6:0 Hz, 1C, CH2�CH 3), 36.0 (s, 1C,

NH� CH2), 52.6 (d, 2JPC = 5:4 Hz, 2C, CH3O)
31P NMR (101.3 MHz, CDCl3): � = 12:0 (s)

IR (cm� 1): 3230 (N�H), 2952 (as, CH3), 2844 (s, CH3), 1435 (as,� CH3), 1229 (P=O),

1019 and 968 (as, P�O�C), 822 (as, P�O)

Anal. calc. for C4H12O3PN: C, 31.38 %; H, 7.90 %; O, 31.35 %; P, 20.23 %; N, 9.15 %

Found: C, 31.05 %; H, 7.95 %; O, 32.79 %; P, 19.43 %; N, 8.87 %

HPLC/MS (ESI): 1 peak, [M+ ], m=z = 153:8



132 Chapter 10. Experimental

Dimethyl-(propyl) phosphoramidate DMPP

MF: C5H14O3PN

MW: 167.143 g/mol

w/w %: P 18.53 %, N 8.38 %

P

O

N
H

H3CO

H3CO

Synthesis of DMPP was performed analogously toDMMP and DMEP : to the so-

lution of propylamine (11.82 g, 16.44 mL, 0.2 mol) and TEA (14.21 g, 19.53 mL, 0.2 mol)

in THF, dimethyl hydrogen phosphite (22.01 g, 18.34 mL, 0.2 mol) together with carbon

tetrachloride (30.76 g, 19.35 mL, 0.2 mol) were added slowlydropwise. The rest of the work

up was the same as for5.

Yield 89.8 %, yellowish oil, bp = 216� C (760 Torr)
1H NMR (250.13 MHz, CDCl3): � = 0:83 (t, 3H, 3JHH = 7:5 Hz, CH3�CH 2), 1.44 (sex,
3JHH = 7:5 Hz, 2H, CH2�CH 3), 2.78 (m, 2H, CH2�NH), 3.75 (d, 3JPH = 11:0 Hz, 6H,

CH3O)
13C NMR (50.3 MHz, CDCl3): � = 11:3 (s, 1C, CH2� CH3), 24.8 (d, 3JPC = 5:9 Hz, 1C,

CH2�CH 3), 43.0 (s, 1C, NH�CH2), 52.7 (d, 2JPC = 5:5 Hz, 2C,CH3O)
31P NMR (101.3 MHz, CDCl3): � = 12:0 (s)

IR (cm� 1): 3219 (N�H), 2952 (as, CH3), 2849 (s, CH3), 1456 (as,� CH3), 1232 (P=O),

1030 (as, P�O�C), 929 (C�C), 826 (as, P�O)

Anal. calc. for C5H14O3PN: C, 35.93 %; H, 8.44 %; O, 28.72 %; P, 18.53 %; N, 8.38 %

Found: C, 35.40 %; H, 8.44 %; O, 29.32 %; P, 18.75 %; N, 8.17 %

HPLC/MS (ESI): 1 peak, [M+ ], m=z = 167:9
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Dimethyl-(dimethyl) phosphoramidate DMDMP

MF: C4H12O3PN

MW: 153.17 g/mol

w/w %: P 20.23 %, N 9.15 %
P

O

N
H3CO

H3CO

Synthesis ofDMDMP was performed as following: to the dimethylamine, taken as 2M

solution in THF (6 g of dimethylamine, 100 mL of solution) andTEA (14.21 g, 19.53 mL,

0.2 mol) in tetrahydrofurane, dimethyl hydrogen phosphite(22.01 g, 18.34 mL, 0.2 mol) to-

gether with carbon tetrachloride (30.76 g, 19.35 mL, 0.2 mol) was added slowly dropwise.

The reaction mixture was cooled to� 5� C using ice-salt bath. At the end of the reaction,

solution was �ltered to remove triethylamine hydrochloride, and the rest components to-

gether with solvent were removed under vacuum. Dimethyl (dimethyl) phosphoramidate

was washed with diethyl ether to purify the product from the rests of the triethylamine

hydrochloride. However, the product still contained some impurities. Further it was puri-

�ed on the chromatography column.

Yield 87.6 %, yellowish oil, bp = 182� C, (760 Torr)
1H NMR (250.13 MHz, CDCl3): � = 2:64 (d, 3JPH = 10:0 Hz, 6H, NH(CH3)2), 3.63 (d,
3JPH = 11:0 Hz, 6H, CH3�O)
13C NMR (75.5 MHz, CDCl3): � = 36:4 (d, 2JPC = 3:8 Hz, 2C, NH(CH3)2), 52.8 (d,
3JPC = 5:8 Hz, 2C,CH3O)
31P NMR (101.3 MHz, CDCl3): � = 13:6 (s)

IR (cm� 1): 2951 (as, CH3), 2851 (s, CH3), 1457 (as,� CH3), 1308 (as, C�N�C), 1243 (P=O),

1020 and 993 (as, P�O�C)

Anal. calc. for C4H12NO3P: C, 31.38 %; H, 7.90 %; O, 31.35 %; P, 20.23 %; N, 9.15 %

Found: C, 31.30 %; H, 7.68 %; O, 31.24 %; P, 20.18 %; N, 9.08 %

HPLC/MS (ESI): 1 peak, [M+ ], m=z = 153:9
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Dimethyl-(2-hydroxyethyl) phosphoramidate DMHEP

MF: C4H12O4PN

MW: 169.116 g/mol

w/w %: P 18.32 %, N 8.28 %

P

O

N
H

H3CO

H3CO

OH

To a solution of ethanolamine (12.21 g, 12.10 mL, 0.2 mol) andtriethylamine (13.50 g,

18.55 mL, 0.19 mol) in THF, dimethyl hydrogen phosphite (22.01 g, 18.34 mL, 0.2 mol) to-

gether with carbon tetrachloride (30.76 g, 19.35 mL, 0.2 mol) were added slowly dropwise.

The reaction mixture was cooled to� 5� C using ice-salt bath. After reaction was �nished,

triethylamine hydrochloride was �ltered o�, and the rests of reagents were removed from

the �ltrate under vacuum. The product was used for further treatments without additional

puri�cation. 5 % less of triethylamine was used in this reaction to avoid deprotonation of

the hydroxyl group of the �nal product.

Yield 95 %, colourless oil, bp = 221� C (760 Torr)
1H NMR (300.1 MHz, CDCl3): � = 3:02 (m, 2H, NH�CH2), 3.69 (m, 2H, CH2OH),

3.68 (m, 6H, CH3O)
13C NMR (75.5 MHz, CDCl3): � = 38:3 (s, 1C, NH�CH2), 53.0 (d, 2JPC = 5:2 Hz, 2C,

CH3O), 59.5 (s, 1C,CH2OH)
31P NMR (121.5 MHz, CDCl3): � = 12:5

IR (cm� 1): 3233 (N�H), 2952 (as, CH3), 2847 (s, CH3), 1445 (as,� CH3), 1221 (P=O),

1016 (as, P�O�C), 825 (as, P�O)

Anal. calc. for C4H12O4PN: C, 28.41 %; H, 7.15 %; O, 37.84 %; P, 18.32 %; N, 8.28 %

Found: C, 28,19 %; H, 7.28 %; O, 38.05 %; P, 18.07 %; N, 8.12 %

HPLC/MS (ESI): 1 peak, [M+ ], m=z = 169:9
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Dimethyl-(2-hydroxypropyl) phosphoramidate DMHPP

MF: C5H14O4PN

MW: 183.143 g/mol

w/w %: P 16.91 %, N 7.65 %

P

O

N
H

H3CO

H3CO OH

Synthesis ofDMHPP was performed analogously toDMHEP . 3-aminopropanol-1 (15.02 g,

15.22 mL, 0.2 mol), triethylamine (13.50 g, 18.55 mL, 0.19 mol), dimethyl hydrogen phos-

phite (22.01 g, 18.34 mL, 0.2 mol) and carbon tetrachloride (30.76 g, 19.35 mL, 0.2 mol)

were taken for the reaction. The rest work up was the same as for DMHEP .

Yield 89.6 %, colorless oil, bp = 220� C (760 Torr)
1H NMR (250.1 MHz, CDCl3): � = 1:66 (quin, 3JHH = 6:0 Hz, 2H, CH2�CH 2�OH),

3.02 (m, 2H, NH�CH2), 3.52 (t, 3JHH = 6:2 Hz, 2H, CH2�C H2�OH), 3.72 (d, 3JPH = 11:2

Hz, 6H, CH3�O)
13C NMR (100.6 MHz, d6�DMSO): � = 34:1 (d, 2JPC = 6:0 Hz, 2C, CH2�CH 2�OH),

37.9 (s, NH�CH2), 52.2 (d, 2JPC = 5:0 Hz, 2C,CH3�O), 58.3 (s, 2C, CH2� CH2�OH)
31P NMR (161.9 MHz, d6�DMSO): � = 13:2 (s)

IR (cm� 1): 3243 (N�H), 2951 (as, CH3), 2847 (s, CH3), 1445 (as,� CH3), 1224 (P=O),

1017 (as, P�O�C), 824 (as, P�O)

Anal. calc. for C5H14O4PN: C, 32.79 %; H, 7.71 %; O, 34.94 %; P, 16.91 %; N, 7.65 %

Found: C, 32.61 %; H, 7.65 %; O, 36.97 %; P, 16.84 %; N, 7.72 %

HPLC/MS (ESI): 1 peak, [M+ ], m=z = 183:8
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Dimethyl bis(2-hydroxyethyl) phosphoramidate DMBHP

MF: C6H16O5PN

MW: 213.169 g/mol

w/w %: P 14.53 %, N 6.57 %
P

O

N
H3CO

H3CO

OH

OH

Synthesis ofDMBHP was performed analogously toDMHEP andDMHPP . Diethanolamine

(21.02 g, 19.30 mL, 0.2 mol), triethylamine (13.50 g, 18.55 mL, 0.19 mol), dimethyl hydro-

gen phosphite (22.01 g, 18.34 mL, 0.2 mol) and carbon tetrachloride (30.76 g, 19.35 mL,

0.2 mol) were taken for the reaction. The rest work up was the same as forDMHEP .

Yield 95.6 %, yellowish oil, bp = 218� C (760 Torr)
1H NMR (80.0 MHz, CDCl3): � = 3:74 (d, 3JPH = 11:0 Hz, 6H, CH3O), 3.2 (m, 8H,

CH2�C H2�OH)
13C NMR (50.3 MHz, CDCl3): � = 61:3 (s, 2C, CH2OH), 53.3 (d, 2JPC = 5:5 Hz, 2C,

CH3O), 50.4 (s, 2C, N�CH2)
31P NMR (80.0 MHz, CDCl3): � = 13:7 (s)

IR (cm� 1): 3230 (O�H), 2952 (as, CH3), 2839 (s, CH3), 1462 (as,� CH3), 1234 (P=O),

1195 (C�N), 1018 (as, P�O�C), 830 (as, P�O)

Anal. calc. for C6H16O5PN: C, 33.81 %; H, 7.56 %; O, 37.53 %; P, 14.53 %; N, 6.57 %

Found: C, 33.28 %; H, 7.47 %; O, 38.05 %; P, 14.63 %; N, 6.47 %

HPLC/MS (ESI): 1 peak, [M+ ], m=z = 213:7
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Dimethyl-(2-methoxyethyl) phosphoramidate DMMEP

MF: C5H14O4PN

MW: 183.143 g/mol

w/w %: P 16.91 %, N 7.65 %
P

O

N
H

H3CO

H3CO

OMe

Synthesis ofDMMEP was performed analogously toDMHEP andDMHPP . 2-methoxy-

ethylamine (15.02 g, 19.30 mL, 0.2 mol), triethylamine (13.50 g, 18.55 mL, 0.19 mol), dimethyl

hydrogen phosphite (22.01 g, 18.34 mL, 0.2 mol) and carbon tetrachloride (30.76 g, 19.35 mL,

0.2 mol) were taken for the reaction. The rest work up was the same as forDMHEP .

Yield 82.2 %, yellowish oil, bp = 215� C (760 Torr)
1H NMR (250.13 MHz, CDCl3): � = 3:02 (m, 2H, CH2�CH 2), 3.31 (s, 3H, CH3), 3.38 (d,
3JHH = 5:0 Hz, 2H, CH2O), 3.70 (d, 3JPH = 11:1 Hz, 6H, CH3O)
13C NMR (50.3 MHz, CDCl3): � = 40:6 (s, 1C, NH�CH2), 52.6 (d, 2JPC = 5:5 Hz, 2C,

CH3O), 58.3 (s, 1C, O�CH3), 72.5 (d, 2JPC = 5:5 Hz, 1C,CH2O)
31P NMR (101.3 MHz, CDCl3): � = 11:8 (s)

IR (cm� 1): 3229 (N�H), 2952 (as, CH3), 2846 (s, CH3), 1449 (as,� CH3), 1232 (P=O),

1018 and 970 (as, P�O�C), 821 (as, P�O)

Anal. calc. for C5H14O4PN: C, 32.79 %; H, 7.71 %; O, 34.94 %; P, 16.91 %; N, 7.65 %

Found: C, 32.15 %; H, 7.64 %; O, 36.07 %; P, 16.49 %; N, 7.25 %

HPLC/MS (ESI): 1 peak, [M+ ], m=z = 183:8
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Dimethyl-(2-methoxypropyl) phosphoramidate DMMPP

MF: C6H16O4PN

MW: 197.169 g/mol

w/w %: P 15.71 %, N 7.10 %
P

O

N
H

H3CO

H3CO OMe

Synthesis ofDMMPP was performed analogously toDMMEP . Methoxy-3-aminopropa-

nol (15.02 g, 19.30 mL, 0.2 mol), triethylamine (13.50 g, 18.55 mL, 0.19 mol), dimethyl hy-

drogen phosphite (22.01 g, 18.34 mL, 0.2 mol) and carbon tetrachloride (30.76 g, 19.35 mL,

0.2 mol) were taken for the reaction. The rest work up was the same as forDMHEP .

Yield 95.6 %, yellowish oil, bp = 212� C (760 Torr)
1H NMR (250.13 MHz, CDCl3): � = 1:69 (quin, 3JHH = 5:8 Hz, 2H, CH2�C H2�CH 2),

2.94 (m, 2H, NH�CH2), 3.26 (s, 3H, O�CH3), 3.40 (m, 2H, CH2�C H2�O), 3.66 (dd,
3JPH = 11:0 Hz, 6H, CH3O)
13C NMR (62.9 MHz, CDCl3): � = 31:2 (d, 3JPC = 5:8 Hz, 1C, CH2� CH2�CH 2), 39.3 (s,

1H, NH� CH2), 52.8 (d, 2JPC = 5:3 Hz, 2C, CH3�O), 58.6 (s, 1C, O�CH3), 70.7 (s, 1C,

CH2�O�CH 3)
31P NMR (101.3 MHz, CDCl3): � = 11:9 (s)

IR (cm� 1): 3220 (N�H), 2949 (as, CH3), 2848 (s, CH3), 1454 (as,� CH3), 1234 (P=O),

1021 and 995 (as, P�O�C), 930 (C�C), 823 (as, P�O)

Anal. calc. for C6H16NO4P: C, 36.55 %; H, 8.18 %; O, 32.46 %; P, 15.71 %; N, 7.10 %

Found: C, 36.14 %; H, 8.20 %; O, 32.93 %; P, 15.18 %; N, 7.13 %

HPLC/MS (ESI): 1 peak, [M+ ], m=z = 197:8
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Methylphosphorodiamide MPDA

MF: CH7O2PN2

MW: 110.05 g/mol

w/w %: P 28.14 %, N 25.45 %
P

O

NH2

H3CO

H2N

Gaseous ammonia was bubbled through dry chloroform at the temperature of � 10� C.

Phosphorus oxychloride was distilled before to remove impurities. The solution of methyl

phosphoric dichloride (7.45 g, 0.05 mol) in 40 mL of chloroform was added dropwise to dis-

solved ammonia during 1.5 hours and intensively stirred at� 10� C. After the full addition

of methyl phosphoric dichloride, the reaction mixture was stirred additionally for 2 hours.

Chloroform was removed from the system, and the rest dried invacuum. Ca. 50 mL

of chloroform was added to the product and reacted with diethylamine (21.95 g, 0.3 mol,

31.0 mL), and the mixture was re�uxed during 4 hours. Diethylammonium chloride was

dissolved in chloroform, and product was �ltered o� and dried in vacuum.

Yield 92.6 %, mp = 128� C, (760 Torr)
1H NMR (250.13 MHz, CDCl3): � = 3:75 (d, 3JPH = 11:2 Hz, 3H, CH3O)
13C NMR (75.5 MHz, CDCl3): � = 53:0 (s, 1C,CH3O)
31P NMR (101.3 MHz, CDCl3): � = 17:4

IR (cm� 1): 3220 (N�H), 2949 (as, CH3), 2848 (s, CH3), 1454 (as,� CH3), 1234 (P=O),

1021 and 995 (as, P�O�C), 930 (C�C), 823 (as, P�O)

Anal. calcd. for CH7O2PN2: C, 10.91 %; H, 6.41 %; O, 29.07 %; P, 28.14 %; N, 25.45 %

Found: C, 10.73 %; H, 6.53 %; O, 30.12 %; P, 28.14 %; N, 26.25 %

HPLC/MS (ESI): 1 peak, [M+ ], m=z =110.7
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Phosphoric triamide PTA

MF: PH6ON3

MW: 95.04 g/mol

w/w %: P 32.59 %, N 44.21 %
P

O

NH2

H2N

H2N

Gaseous ammonia was bubbled through dry chloroform at the temperature of � 10� C.

Phosphorus oxychloride was distilled before to remove impurities. The solution of phos-

phoroxychloride (7.67 g, 0.05 mol, 4.65 mL) in 40 mL of chloroform was added dropwise to

dissolved ammonia during 1.5 hours and intensively stirredat � 10� C. After the full addi-

tion of phosphorus oxychloride, the reaction mixture was stirred additionally for 2 hours.

Chloroform was removed from the system, and the rest dried invacuum. Ca. 50 mL

of chloroform was added to the product and reacted with diethylamine (21.95 g, 0.3 mol,

31.0 mL), and the mixture was re�uxed during 4 hours. Diethylammonium chloride was

dissolved in chloroform, and product was �ltered o� and dried in vacuum.

Yield 92.3 %, mp = � C, (760 Torr)
31P NMR (101.3 MHz, CDCl3): � = 18:8

IR (cm� 1): 3220 (N�H), 1234 (P=O)

Anal. calc. for PH6ON3: H, 6.36 %; O, 16.83 %; P, 32.59 %; N, 44.21 %

Found: H, 6.32 %; O, 16.91 %; P, 31.93 %; N, 44.86 %

HPLC/MS (ESI): 1 peak, [M+ ], m=z =95.7



10.4. Methods of �ame retardancy investigation 141

10.4 Methods of �ame retardancy investigation

Limiting Oxygen Index Test

The LOI measurements of the treated cotton fabrics were performed according to the

ASTM D 2863-95 using Oxygen Index Test (Fire Testing Technology). The dimensions

of each sample were 50 x 70 mm. The measurement was performed 3to 4 times and the

average LOI value was calculated.

Microscale Combustion Calorimetry

For the measurements of the heat release rates a Microscale Combustion Calorimeter

was used (Fire Testing Technology, England). Using this instrument, the maximum heat

releaseQt1 and the temperature at the maximum heat releaseTwere recorded. Such

parameters as heat of combustionh0
c, total heat of combustion h0

c;t and heat release ca-

pacity �c were calculated according to the formulae (see SectionMicroscale Combustion

Calorimetry in the Introduction Chapter). The heating rate was chosen tobe 1� Cs� 1, the

maximum pyrolysis temperature was 750� C and the combustion temperature 900� C. The

�ow was a mixture of O2/N 2 20/80 cm3 min� 1 and the sample weight was 5� 0.5 mg.

Thermogravimetric Analysis

The dependence of the mass-loss on the temperature was recorded using TGA-SDTA 851

(Mettler Toledo) and Netzsch TG F209 Iris. The heating rate was set to 10� C min� 1.

The measurement was performed in the range of 40 to 800� C in the continuous �ow of

nitrogen or air at a rate of 100 ml min� 1. Cellulose samples were cut into powdery pieces

with scissors. The sample mass was 10� 0.5 mg.
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10.5 Characterization methods

Elemental Analysis

The content of carbon, hydrogen and nitrogen was determinedusing a LECO CHN an-

alyzer. Phosphorus was determined by Inductively-CoupledPlasma � Optical Emission

Spectrometry (ICP�OES). The distribution of phosphoramidates in the fabric was homo-

geneous.

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy is an important analytical tool employed in the study of

charred surfaces. Using this technique attempts have been made to characterize the nature

of chars and to correlate these observations with the e�ciencies of the chemicals used as

�ame retardants for cellulose.

The surface morphology of the fabrics (untreated and treated) and chars was investigated

by SEM using Hitachi S-4800 Microscope. Char samples have been used without further

modi�cation because they maintained their original fabricstructure and size. Pieces of

about 1 cm2 were cut with razor blades and mounted on metal stubs with double faced

adhesive carbon tape. The electron beam was set up to 5.0 kV unless speci�ed otherwise.

Prior to microscopic investigations samples were coated with a thin �lm of gold using

an ion sputtering device (SEM Coating Unit E5100, Polaron Equipment Limited, 2 min

exposure time).

Energy Dispersive X-Ray Analysis (EDX)

EDX investigations (Inca X-sight, Oxford Instruments) were applied in combination with

a scanning electron microscope (Hitachi S-4800). For each sample, the EDX analysis was

performed at three di�erent areas on the completely charredsample, and an average value

was obtained from the resulting elemental compositions. The EDX spectra were taken at

a magni�cation of x5000, thereby scanning an area of approximately 5mm x 5mm, depth
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1 � 3 � m (the diameter of a single �ber of the charred sample is roughly 10 � m). Other

parameters in the EDX investigation were an acceleration voltage of the electron beam of

5 kV, an emission current of 15 mA and a working distance of 15 mm.

Nuclear Magnetic Resonance (NMR)

NMR Spectra were recorded on Bruker Avance 500, 400, 300, 250and 200 spectrometers.

The chemical shifts were measured according to IUPAC and expressed in ppm relative

to TMS and H3PO4 for 1H, 13C and 31P, respectively. Coupling constantsJ are given in

Hertz [Hz] as absolute values, unless speci�cally stated. Where a �rst order analysis is

appropriate, the multiplicity of signals is indicated as s,d, t, q or m for singlets, doublets,

triplets, quartets, or multiplets, respectively. Otherwiese the spin systems are speci�ed

explicitly.

Gas Chromatography - Mass Spectrometry (GC-MS)

Gas Chromatography was performed using Hewlett Packard chromatograph HP 5890

equipped with a mass spectrometer HP 5970 detector. Analysis of the mixture pyrolysates

was accomplished using DB-5 (J&W) column, �lling material,25 m long, with 0.2 mm di-

ameter. The temperature-programmed chromatograms were performed under the follow-

ing conditions: injector temperature 280� C; column program: initial 50� C, 1 min, heating

rate 10� Cmin� 1, �nal temperature 320� C, 5 min; helium carrier �ow: 10ml min� 1.

Liquid Chromatography - Mass Spectrometry (LC-MS)

Our system for routine LC-MS was comprised of an Agilent 1100HyStar LC system

(Agilent, Wilmington, Germany) and Esquire HCT mass spectrometer (Bruker Daltonics,

Bremen, Germany). Mobile phase A was 0.5 % formic acid in water. Mobile phase B was

0.1 % formic acid in acetonitrile. Flow rate was 0.1 mL/min for 20 min. Chromatographic

column used was Gemini 5u C18 110A, 250 x 2.00 mm, with the particle size of 5� m.
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Attenuated Total Re�ectance Fourier Transform - Infrared S pec-

troscopy (ATR-FTIR)

The BioRad, FTS-175 ATR-FTIR Spectrometer was used to characterize synthesized prod-

ucts. The software used to evaluate the data was Digilab Resolution Pro 4.0. 128 scans

at a resolution of 4 cm� 1 were recorded between 4000 and 700 cm� 1.

Thermogravimetric analysis coupled with Fourier Transfor m - In-

frared Spectroscopy (TGA-FTIR)

The TGA-FTIR system used in our studies was a Netzsch STA-449C instrument coupled

with Bruker Tensor-27. For the determination of the composition of the gas phase, the

following procedure was applied. 10 mg of sample was heated from 50 to 600� C at a rate of

10� C/min under the helium �ow. The �ow rate of helium was �xed to 7 0 mL min� 1. The

line that transfers the evolved gases from the TGA to IR cell was maintained at 220� C.

IR spectra were recorded in the spectral range from 4000 to 600 cm� 1 with a resolution of

4 cm� 1. The FTIR and TGA data obtained during the measurements was analyzed using

the Netzsch Proteus - Thermal Analysis Software.
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