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PREFACE

It is now well recognised that one of the problems that

has assumed serious dimensions on the use of polymeric materials

is their flammability. Although there are innumerable flame retar­

dants (FRs) available now for flame retardation of polymers, there

is no FR that can be widely used for a range of polymers without

causing any undesirable change in property. Wide spectrum FRs

with FR elements built into molecules that have both hydrophobic

and hydrophilic moieties in the same molecule and that can be

polymerised to a prepolymer are expected to bridge the gap in

FR technology. Moreover, polymeric FR vis-a-vis its monomeric

counterpart is expected to be much more effective in reducing

flammability. The present work addresses to some of these

problems.

This study is mainly concerned with the synthesis,

characterisation, thermal and fl ammab i l i.ty evaluation of FR

monomer's , prepolymers and polymers of (1) cardanol, a

monomer having the required structural features for transformation

into wide spectrum tlame retardants and (2) phenol, a structurally

related monorner (for comparative evaluation) that can easily be

chemically modified to introduce FR elements.

The present investigation forms part of a large programme

being conducted at the Regional Research Laboratory, Trivandrum,

to explore the potential of cardanol as a monomer



source for the development of speciality polymers. So insights

into the thermal and flammability behaviour of these polymers

are expected to contribute to the generation of information for

tailor making of polymers with specific properties such as

ablation as observed in some earlier experiments in the

laboratory.

The results of the present investigation have been

publ Ished or are under publication as described below:

1. GPC studies on the cationic polymerisation of cardanol

using BF3 etherate as initiator, J. Appl. Polym. Sci.,

41, 1765 (1992).

2. Syntrieais, characterization and thermal studies of

cardanol based poly phosphate esters. J. Poly m. Sci.

Polym. Chem. Edn. (accepted).

3. Synthesis and thermal characterization of chemically modi­

fied car-danol nol y rner-s , J. Ap pl , Polym. S~i. (:cl.cc':!pt~rl).

4. Synthesis, character-ization, thermal and flammability

studies on phosphorus and bromine containing phenolic

resins (manuscript under preparation).

5. Synthesis and thermal characterization of boron containing

cardanolic and phenolic polymers (manuscript under prepa­

ration) .



6. A comparative evaluation of the effect of polymeric flame

retardants and monomeric flame retardants on the thermal

and flammability behaviour of polyethylene (manuscript

under preparation).

7. A comparative evaluation of the thermal and flammability

behaviour of cardanolic and phenolic FR monomers and

polymers (manuscript under preparation).
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CHAPTER 1

INTRODUCTION

1.1 SIGNIFICANCE OF FLAME RETARDATION IN POLYMERS

Over the last few decades the world has witnessed specta­

cular growth and development in the use of polymeric materials

in day-ta-day life, industry and high performance applications.

Production of polymers by volume has exceeded over that of steel

and aluminium. Thev have successfully substituted advanced

metals and ceramics in certain high performance applications and

a host of polymers with unprecedent properties are emerging from

advances in new methods of synthesis and processing. Although

these developments have revolutionised the world of materials.

polymers wi th the exception of a few are susceptible to deterio­

ration on exposure to heat and flame. Fires have been reported

to be one of the principal scourges of mankind and today with

the increasing use of polymeric materials, this problem has

aggravated to the extent of worldwide concern for improved protec­

tion for property and human life. The use of flame retardants

for the control of the flammability of materials of organic origin

dates back even to early Egyptian civilization, but only

recently, search for newer and better flame retardants that fulfil

the standards set for fire prevention and control and also for

a better understanding of the mechanism and behaviour of flame

retardants so that the existing ones could be improved upon, has
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begun on a systematic and scientific way.

1.2 HISTORICAL DEVELOPMENT OF FLAME RETARDANTS

It was Gay-Lussac [1] who initiated for the first time

in France in 1821 basic scientific investigation on flame retardants.

He noted that the ammonium salts of sulfuric, hydrochloric and

phosphoric acids were very effective fire retardants on hemp

and linen and that the effect could be improved considerably

by using mixtures of ammonium chloride, ammonium phosphate and

borax. Thus the basic elements of modern fire retardant

chemistry were defined early in recorded history and remained

the state of the art until early in the twentieth century. The

early historical developments [1-5] are listed in Table 1.1.

The demands of the armed forces in World War II for

a fire-retardant waterproof treatment for canvas tenting led to

the development of a combination treatment containing a chlorinated

paraffin (CP) antimony oxide, and a binder [6,7].
J

This was

the first use of the halogen-antimony synergistic combination treat-

ment that has since proven so effective in many fire-retardant

polymer products and marked the introduction of organic halogen

compounds in place of inorgnic salts previously in vogue. Even-

though this new treatment was found to be useful in PVC both

as a fire retardant and plasticizer additive, it tended to 'wash

out I in many environments in which PVC was used. This

deficiency of CP led to the conclusion that a reactive fire-retardant
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system would be preferred, some thing which would be chemically

reacted into the polymer at some stage of the synthesis and/or

fabrication of the final product and confer permanent fire-retar-

dant properties on the final product.

Table 1.1: Early historical fire retardant developments

Develupment

Alum used by Egyptians to reduce the
flammability of wood

Romans used a mixture of alum and
Vinegar on wood

Mixture of clay and gypsum used to
reduce flammability of theater curtains

Mixture of alum, ferrous sulnnate and
borax used on wood and tex tiles by
Wyld in great Britain

Alum used to reduce flammability of
balloons

Gay-Lussac reported a mixture of
( NH4 ) 3PO4' NH4 eland borax to be

effective on linen and hemp

Perkin described a FR treatment for
cot ton using a mixture of sodium
stannate and ammonium sul nhate

Period

About
450 BC

About
ZOO BC

1638

1735

1783

1821

1913
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The first fire-retardant polyester containing a reactive

fire retardant monomer was introduced by the Hooker Electroche­

mical Corporation in the early 1950s. It contained chlorendic

acid (I) as the reactive monomer [8 J as shown in Fig. 1.1.

Cl

Cl

Fig. 1.1

Cl

Cl

(1)

This pioneering development led rapidly to the

introduction of various reactive halogen and phosphorus containing

monomers , such as tetrabromophthalic anhydride. chlorostyrene

and tetrabromobisphenol A, which found application in a wide

variety of condensation polymer systems.

The next major development resulted from the need for

an acceptable fire-retardant system . for such new thermoplastics

as polyethylene, polypropylene, and nylon. The use of a reactive

monomer was not applicable to these polymers because the

crystallinity upon which their desirable properties depended was

reduced or destroyed by adding the fire-retardant. The
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introduction of inert fire retardant fillers in 1965 defined two

novel approaches to fiL3-retardant polymers. One of these

products was a thermally stable insoluble chlorocarbon prepared

from cyclooctadiene and hexachlorocyclopentadiene. The extreme

insolubility of this high-melting thermally stable hydrocarbon

allowed it to be compounded into most thermoplastics without

decomposition or di scoloration. The other fire-retardant filler,

hydrated aluminium oxide (or alumina) [9 ] exerts its

fire-retardant effect in polymer compositions by dehydrating

under flame conditions. Because of its relatively low decomposition

temperature (245-320
o

C) hydrated alumina is most useful in polymer

compositions requiring low processing temperatures such as unsatu-

rated polyesters. The major advantages of this fire retardant

system are low smoke production and the fact that no hydrogen

halide off-gases are produced during pyrolysis on fire exposure.

These developments can be summarised as follows (Table 1.2).

Table 1.2: Most important modern developments in
polymer fire-retardance

Development

Chlorinated paraffin, antimony oxide and a binder as a
tr-eatment on canvas

Reactive fire retardants, chlorine containing unsaturated
polyesters

Filler-like fire retardants

Oxygen Index method of evaluating relative polymer flamma­
bility

Intumescent fire-retardant systems

Inherently fire-retardant polymers

Wide-spectrum flame retardants
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1.3 THE COMBUSTION OF POLYMERS

Since the action of FRs is to interfere in some step in

the burning process of polymers [10], a brief discussion is here

included on the combustion of polymers [11-23]. The combustion

of polymers takes place in three stages involving a heating

phase t a thermal pyrolysis stage and ignition [13,14] . The

heating phase primarily depends on the relative flux and tempera­

ture of heat source. In the case of thermoplastics which melt

during heating, the melt flowing away (dripping) from the heating

source gives an apparently erroneous conclusion regarding

resistance to flame. The flammability of a material is largely

determined by the pyrolysis stage when a pyrolytic decomposi­

tion prior to ignition occurs with the elimination of gaseous

products. The composition of the gaseous products determines

primarily the fla mmability of the material. Ignition occurs when

the gaseous products forming a mixture with oxygen in the air

exceed the flammability limits. In fact a triad of fuel, air

(oxygen) and heat has to be established to ensure burning to

occur. The process of corn bust ion can be represented in Fig .1.1.

The thermal feedback maintains the combustion process

upon a continued supply of oxygen from the surrounding

atmosphere.
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Liquid products

Combustion

products
+
Q2/

gases-.
ga ses air Flame----+cu >

ignites

SoU d

~ Charred

residue

Non-combustible

/
Pyrolysi S
----~~ CombustiblePolymer

Thermal feedback

Fig. 1.2: Process of combustion of an organic polymer

0
1

, 02 = heat
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1.4 THE MECHANISM OF FLAM'E RETARDANCY

The flame retardant may act in the condensed phase by

altering the thermal breakdown of the polymer in such a way

that either the nature or the rate of evolution of the gaseous

decomposition products is changed. As a consequence when these

products mix with the oxidant, the composition of the resulting

mixture no longer lies within the flammable range [4,7,24-26].

It can also act in the gaseous phase, the flame retardant may

dissociate into free-radical acceptors which react with the chain­

propagating radicals of the combustion [4,7,24-26]. A combination

of these two mechanisms is also possible.

1.4.1 The mode of action of phosphorus flame retardants

Condensed phase mechanism

The behaviour of phosphorus based flame retardants has

been studied extensively. but primarily in cellulose. The most

generally accepted mechanism for phosphorus fire retardancy in

cellulose is the condensed phase mechanism. The flame retardant

is converted by trier-mal decomposition to phosphoric acid which

alters the mechanism of decomposition of the cellulose in the

condensed phase so that the principal products are carbonaceuus

char rather than levoglucosan and other flammable compounds [4,7,

24-28]. The formation of char involves catalytic dehydration

of the hydroxyl groups, esterification by the polyphosphoric aci d

formed and finally cross-linking and skeletal rearrangement [29].
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The generation of phosphoric acid is most easily

explained as resulting from the well known decomposition of the

alkyl phosphorus ester. to an olefin and the corresponding acid [29].

This reaction together with the postulated char forming dehydra-

tion of the cellulose is depicted in the following reactions:

Ester decomposition

o
R-CH -CH -O-~-

2 2 l > R-CH

o
11= CH + HO-P-2 , (l)

o
U

2 HO-P- (2 )

Esterification and dehydration

o °
1\ \l

-CH2 CHZOH + -P-O-P-
I I

)

o 0
1\ 11

CH -CH -O-P-+ -P-OH
2 2 \ 1

(3)

) -CH
°It

= CH + -P-OH------=> char (4)2 . I 7

A second possibility of forming unsaturated compounds

with subsequent charring is the acid-catalysed elimination of water

from the cellulose:

R-CH -CH -OH2 2

( 5)
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The existence of a condensed phase mechanism is

supported by the fact that all phosphorus compounds that are

capable of decomposing to acid fragments are effective fire retar­

dants for cellulose whereas fully neutralised salts of nonvolatile

metals are not 129,30]. Addition of as little as 1.0% of

phosphorus to cellulose causes a several fold increase in char

yield under flame conditions [31]. Also the phosphorus from

the fire retardant is found to be largely or completely retained

in the residual char [32].

The high efficiency of phosphorus fire retar-dants in poly­

urethane (Pu) foams has also been suggested to be the result of

acidic degradation products which then promote the formation of

a structurally stable insulating char [33,34]. Similar condensed

phase mechanism has also been proposed in the case of other

hydroxylated or oxygenated polymers like epoxy resins [35-36}

and polymethyl methacrylate (PMMA) [37].

In the case of non-oxygenated polymers such as polyethy­

lene (PE), polypropylene (PP), polystyrene (PS) etc. the acid

catalysed char forming mode of action of phosphorus plays a less

evident role and in fact phosphorus is not so effective in such

polymer systems as it is in oxygenated polymers (38-40). The

flame retardant effect observed in these cases has been attributed

to the formation of polyphosphoric acid which acts as a physical

barrier to passage of heat, oxygen or fuel [38-40]. Savides et al

[41] also have presented evidence for a condensed phase mode
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of action involving char coating for phosphorus flame retardants

in PP.

Gaseous phase mechanism

Considerable attention has been directed in recent years

to a possible gaseous phase mechanism of action of phosphorus

flame retardants (38-40]. Volatile phosphorus compounds have

been shown to be some of the most ·efficient gas phase inhibitors

in premixed flames [42-44]. Lask and Wagner have shown that

trimethylphosphate is three times more effective as bromine in

inhibi ting a stoichiometric premixed n- hexane flame [ 43] .

Hastie (45] and Granzow [44] have reported that compounds such

as triphenylphosphine oxide break do wn in the flame as shown

below to give small molecular species such as PO. The rate

controlling hydrogen atom concentration in the flame was shown

spectroscopically to be greatly reduced,

H + PO + M

OH + PO

HPO + H

>

)

PO, P, and Pz

HPO + M

HPO + 0

when the phosphorus species were present (45]. The mechanism

proposed for flame retardancy in this situation is scavenging of
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H by phosphorus radicals such as PO and thus reducing the

energy of the flame [45].

The existence of gaseous phase mechanism for phosphorus

compounds has been reported only in the case of a few polymer

systems [46-48] cornpared to condensed-phase mechanism. In some

cases, a combination of these two mechanisms is also possible

[46-48], A vapour phase physical shielding has been postulated

for tris( dibromopropyl) phosphate in polypropylene [46]. When

certain polyester cotton blends having built-in phosphorus. in

the form of phosphine oxide structure is burned, it has been

found that part of the phosphorus is volatilized and part is

retained in the char. thus suggesting the possi bili ty of both the

mechanisms [47,48].

Thermally stable but low boiling esters like triphenyl

phosphate and trieresyl phosphate are found to induce no char

in cellulose [49] I PMMA [50] etc. The flame retardaney observed

in these cases has been attributed to a gaseous phase mechanism

[49.50] . These compounds may be acting in the same way as

reported in the case of triphenyl phosphine oxide. However.

it has been found that these compounds are less effective as flame

retardants compared to compounds which give rise to phosphoric

acid and act in the condensed phase [49.50] . Similarly I

triphenyl phosphine oxide which acts in the gaseous phase is

found to be less efficient compared to phosphoric acid which

acts in the condensed phase in flame retarding polyethylene tere­

phthalate 151).



-13-

Thus it can be seen that the mechanism by which phospho­

rus compounds act in flame retardation depends on the structure

of the flame retardant as well as the nature of the substrate

polymer.

1.4.2 Mechanism of action of halogen name retardants

The halogenated flame retardants are generally considered

to act through suppression of the gas phase radical reactions

[29.52.53] .

branching

The very high energy OH and H formed by chain

----')0) OH + 0

---~) OH + H

are removed by the halogen containing flame retardant.

the flame retardant breaks down into

At first

R - x ) R + x

The halogen radicals react to form a hydrogen halide.

;( + RH ----~) R + HX

which in turn interfere with the free radical mechanism

HX + H x

HX + + X



-14-

Thus the high energy H and OH radicals are removed by

the reaction with HX and replaced with the lower energy X radicals.

The hydrogen halide consumed is regenerated by reaction with

hydrocarbon so that the inhibition reaction can take place again.

Hindersirm and Witschard suggest that halogen containing

flame retardants are also effective in the condensed phase (29).

Thus HBr acts as an oxidative catalyst. forming oxidized products

with a tendency to cyclize and condense to yield carbonaceous

products (29).

1.5 FLAMMABILITY TESTS AND TERMINOLOGY

Laboratory screening tests have been most generally used

in fire retardant research. These screening tests or small scale

tests compare burning rates of various plastics [54]. Such tests

as D 635-74. flammability of rigid plastics. and D 1692-74. flamma­

bility of plastic foams and sheeting. fall into this categor-y.

ASTM £-84 tunnel test is the most common design for materials.

Since it attempts to classify materials under actual use conditions,

it requires large samples and extensive test equipment. Two

most commonly used small scale tests are the Limiting Oxygen

Index test and the Underwriter's Laboratory vertical flame test.

1.5.1 Limiting oxygen index

The LOI test was first developed by Fenimore and Martin

in 1966 [55] from an idea originally proposed by Simmons and

Wolfhard for gaseous and liquid fuels [56). Oxygen index is
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not an ignition test but rather a test for measuring propagation

and extinction related phenomena [57]. The LOI is the minimum

percentage of oxygen in an oxygen-nitrogen atmosphere required

to sustain combustion of a material after ignition and can be repre­

sented as follows:

LOI :;

Two of the reasons for the wide acceptance of this method

are its precision and reproducibility of the resul ts obtained by

different workers in different laboratories. Table 1. 3 gives

the LOI values for various polymers.

1.5.2 Underwriter's Laboratory vertical name test

In the UL-94 vertical burn test specimens are 6 in. in

length by 1/2 in. in width by either 1/4, 1/8 or 1/16 in. in

thickness. conditions during the test are more severe with a

1/16 in. thick specimen than wi tn thicker test specimens. The

specimen is clamped vertically and a blue Bunsen burner flame

applied to the bottom end of the specimen for a period of

10 sec and then removed and the duration of combustion is noted.

If combustion ceases within 36 sec. after removal of the burner

flame. the burner flame is again placed under the specimen for

10 sec. immediately after the combustion stops. The burner flame

is again withdrawn and the duration of combustion again noted.
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Ta ble 1. 3: LOI values of polyrr ers

Polymer

Polymethylene oxide

Polyethylene oxide

Polyethylene

Polypropylene

Polystyrene

Polyisoprene (natural rubber)

Polymethyl methacrylate

Cellulose

Polybutadiene

Cellulose acetate

ABS

Epoxy

Polyacrylonitrile

Poly vinyl carbazole

Poly vinyl alcohol

Poly vinyl fluoride

Chlorinated polyether

Poly 3,3-bis(chloro methyl)-1,3
epoxy alkane

Nylon 6

Nylon 6,6

Poly ethylene terephthalate

LOI

15

15

18

18

18

18

18

18

18

19

19

20

20

22

23

23

23

23

24

24

25



S.No.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44
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Polymer

Wool

Polychloroprene

Poly carbonate

Polyphenylene oxide

Poly-m-phenylene isophthalamide

Silicone rubber

Chlorinated modacrylics (vinyl chloride
acrylonitrile copolymers)

Poly arylene sulfones

Poly(Z,6-dimethyl) phenylene oxide

Poly furfuryl alcohol

Poly(Z,6-diphenyl phenylene oxide)

Polyarylate

Phenolic resin

Poly-bisphenol terephthalate

Polyether sulfone

Polyether ether ketone

Polyvinyl chloride

Polyamide-imide

Polyphenylene sulphide

Polyvinylidene fluoride

Polyether-imide

Polybenzimidazole

Polypyromelli timide

LQI

25

26

27

29

29

30

30

30

31

31

34

34

35

38

38

40

42

43

44

44

47

48

50
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LOI

45. Polyvinylidene chloride 60

46. Polyethylne-CO- chlorotri fluoroethy lene 60

47. Carbon 60

48. Pol y chlorot r i fluoroethylene 95

49. Polyether fluoroethylene 95
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The rating of test specimens in the UL-94 test are as

follows. v-o if combustion stops within 5 sec. and does not

drip flaming particles V-l if combustion stops within 25 sec.

and does not drip flaming particles, and V-ll if combustiun stops

within 25 sec. but releases flaming particles or drips during that

time. Specimens in which the combustion does not stop are cate­

gorised as nonrated (N. R. ) . Apart from these parameters. ignition

delay [58-61] and burning rate [62 -66] are also used to chara­

cterize combustion of polymers.

1.6 METHODS OF FLAME RETARDATION

The general methods that are applied to achieve flame

retardancy in polymeric materials can be grouped in four major

headings [26.67].

(a) Chemical methods involve use of appropriate chemical

compounds or elements which function by modifying either

the condensed phase or vapour phase processes. The

chemical methods will involve any of the following

modtrtcations : ...

i. Use of flame retardant additive in the polymer. They

are added prior to or during some step in fabrication.

They must be stable under the conditions of fabrica­

tions and is the most widely used method particu­

larly for polyester resins, epoxy resins, polyure­

thane foams etc.
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ii. Copolymerisation with a fire retardant comonomer

to get a block or graft copolymer. This is advanta-

geous in the sense that the flame retardant becomes

integral part of the polymer.

is emerging as a useful method.

Graft copolymerisation

•

iii. Use of reactive additive that can be chemically

bonded to the polymer so that it is permanently

fixed.

iv. Blending with other flame retardant polymers.

(b) The gas generation method uses FRs to produce non-combus­

tible gases that dilute the fuel-oxygen mixture below

the flammability limits.

(c) The coating methods provide a fire-retardant coating

which insulates the substrate from contact with further

heat and fuel-air mixtures. Intumescent coatings are note-

worthy here because of their applicability and is prac-

tical in wood, cotton, wool etc. [ 68,69] . They are

( d)

system s that puff up to produce foams that insulate the

substrate and protect it from heat.

The thermal techniques trigger components of the solid

to consume by an endothermic process so that the heat

generated during the pyrolysis cools the system below

the ignition point [70] . Thus addition of FRs can raise

the decomposition temperature of the polymer through
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for example crosslinking, reduce the fuel content of the

chain scission and promote dripping, induce selective

decomposition pathways such as reactions that lead to

thermally stable structures ( eg , char) or prevent heat!

oxygen by mechanical means from reaching the pyrolysis

site (ego coating).

1.7 ADDITIVITY. SYNERGISM

RETARDANCY [27]

AND ANTAGONISM IN FLAME

Combinations of flame retardants may be said to have

additive, synergistic or antagonistic effects. An additive effect

is the sum of the effects of the two components taken independen-

tly. A synergistic effect is an observed effect greater than the

additive effect, and an antagonist ic effect is one which is less

than an additive effect.

Critical review of specific interactions:

1.7.1 Halogens with antimony

The interaction of antimony most commonly as antimony oxide

with halogenated polymers or polymers containing halogenated addi-

tives is the classic case Of flame-retardant synergism. The area

of inorganic antimony compounds and certain other heavy-metal

compounds as flame-retardant synergists with halogen donors has

been thoroughly reviewed by J. J. Pitts [71].

In a number of systems reviewed by Pitts, the flame-
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retardant effect of antimony oxide h3S been shown to increase

as halogen is added to the system upto an atomic ratio of three

halogen atoms per antimony atom. Antimony halides have be'..m

shown to be potent flame repressants when directly volatilized

into a gas flame. Therefore converging evtdence . points to the

basis of the antimony-halogen synergism is being the formation

of volatile flame-retardant SbCl
3

or SbBr3 .

1.7.2 Interaction of antimony and phosphorus

Scattered repor-ts have appeared in the literature to the

effect that less than additive or even antagonistic results may

be obtained in some systems with combinations of phosphorus and

antimony flame retardants , Fenimore [72] reported that the

oxygen index of polyethylene containing both halogen and phospho­

rus was not increased by added Sb
Z

0
3

Significantly, he

reported that the antimony was not vaporized when the composi­

tions burn. He hypothesized that phosphorus prevents the anti­

mony-halogen synergism by preventing the vaporization of antimony.

1.7.3 Phoaphorua-haloj.en interactions

Al though the concept of a phosphorus-halogen synergism

appears to have gained some currency as a result of its rape­

tition in a number of reviews, it will be shown that evidence

for the reality of this supposed phenomenon Is dubious.

Ptechota [34] conducted a thorough study of the effect
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of P-, Br-, and Cl-containing flame retardants, separately and

in combination, in rigid urethane foams and found that there is

no P-Br synergism but additive effect exists. Hindersinn [73]

in his studies on phosphorus-halogen interactions in polyester

resins indicated that a small but definite synergism exist between

phosphorus and chlorine in the system.

The formulation of phosphorus halides and oxyhalides

from phosphorus additives and halogen donors has been postulated

probably by analogy with the antimony-halogen case and the phos­

phorus-halogen compounds have been considered to be either free­

radical quenchers or flame retardants in some way [74].

1.7.4 Nitrogen-phosphorus interactions

Nitrogen-phosphorus synergism appears real in cellulose

[75-77], but its occurrence and magnitude show a subtle depen­

dence on the detailed structure of the ni trogen compound and

even on the mode of application. The catalysis of cellulose phos­

phorylation by the nitrogen compound appears to be involved [75­

77] . Many reports of synergism are of dubious significance

because the effect is not well defined in reference to an additive

model.

1.8 PROBLEMS IN FLAMB-RETARDANT APPLICATION

There are many problems related to flame retardant appli­

cations in polymers. Though lot of research and developmental
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work have gone into solving these problems, some of them still

remain potential areas of intense study.

One of the earlier problems when water soluble inorganic

salts were used as flame retardants was the tendency of leacha­

bility which with the introduction of organic was partially

solved. However. low molecular weight organic flame retardants

bloom causing much discomfort- to the user. Also addition of

large amounts of fire retar-dants are required in many cases and

this tells upon the performance properties of the polymer and

may cause deleterious effects of the flame retardants. The incor­

poration of effective amounts of flame retardants in polymers

without impairing polymer properties is an extremely difficult

problem [67].

The problem of retention of flame retardant activity

throughout the life of a polymer has given rise to a lot of studies

regarding the evaluation of the effect of environmental conditions

which the product is likely to encounter in use (eg. light, tempe­

rature, abrasion, humidity, reactive gases and liquids etc.) [67}.

The organic compounds of phosphorus and halogen are well known

and can cause environmental hazards and pollution [78-80l_.

There are also problems concerned with compatibility

and miscibility with various polymers. The evolution of smoke

and toxic gases poses a major problem for flame retardant techno­

logies. Another problem that is currently gaining interest is
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the combustion toxicity of polymers [81,82] which possibly needs

appropriate definition and test methods for evaluation [83] .

Another major concern is the added cost that comes with the addi­

tion of a new material.

1.9 WIDE SPECTRUM FLAME RETARDANTS

The literature on FRs is replete with innumerable

ex irnp l es for various applications, but there is no FR that

satisfies all the requirements. For each application a separate

Dame retardant has to be selected, that too based on the nature

of the polymer and its properties. This increases the complexity

in FR development and evaluation. Attention towards the deve­

lopment of a wide spectrum FR that satisfies most of the FR

requirements and at the same time compatible with a broad range

of polymers has increased.

Recent developments indicate increased use of FRs contai­

ning more than one FR element in the same molecule [84]. There

are indications that if the FR elements particularly Br is distri­

buted between aromatic and aliphatic segments of the same molecule

the FR effectiveness increases [85]. There is also a recent report

[86] that the presence of aliphatic segments attached to the aro­

matic portion increases flame retardancy particularly Br attached to

the aliphatic portion of such a molecule. Consider tha t such

a molecule is an amphibilic system having both hydrophilic and

hydrophobic moiety. Such a system is expected to be compatible

and miscible with a wide range of polymers. This gives rise to
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possibilities for developing wide spectrum FRs. There are a

variety of such amphibilic molecules existing in nature. One

example is cardanol , obtained from the plant Anacardium occiden­

tale L. as a byproduct of the cashew industry [87]. Such mole­

cules have potentialities for chemical modifications to introduce

FR groups and also have functtonal sites for polymerisation into

polymeric FRs [88]. Since a higher loading of FR is needed in

the case of polymeric FRs [27] the optimum way is to oligomerise

them into o repolyrners . Such prepolymers will have the advantage

of being non-blooming because of higher viscosity than the conven­

tional FRs. It is also not expected to affect deleteriously mecha­

nical properties of the polymers compared to conventional FR che­

micals. The availability of functional sites can be utilised to

prepare reactive prepolymers that could be used to modify the

polymer. Since the system is still in liquid nature processing

is easier. In fact most of the drawbacks enlisted from conven-

tional FRs could be overcome by the prepolymer techniques.

1.10 FLAME RETARDANT COMPOUNDS

Lewin et al [26] and Tesoro [67] identify an ideal FR

as follows: (1) it should reduce flammability to a given standard.

(2) reduce (or at least not to increase) smoke generation, (3) not to

increase toxic products, (4) be retained in the product through

normal life, (5) have accepted minimal deleterious effect on the

performance properties of the polymer, (6) should be compatible

with the polymer. and (7) should not cause economic penalty.
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In general, compounds of the elements P, N, halogens.

boron, antimony and salts of a few other metals are found to

exhibit FR characteristics [7]. Based on their mechanism of

action flame r"-'h:d;:mts can be classified as follows [7,26.27,67]:

(1) chain transfer agents which slow down the free radical chain

reactions in the gaseous phase e. g. organic compounds of halogens.

(2) rnater-ia l s that act as char formers e.g. inorganic acids and

sed t'O that act as dehydrating agents and organic compounds of phos-

phorus that contribute to the solid phase mechanism. (3) endother-

mally decomposing inorganic salts wh i ch give rise to non-flammable

gas such as H
20,

CO 2 , ~H3 etc. e.g. AI(DH) .
3

ammonium salts,

CaCD
3

etc. • (4) compounds that form glassy coatings. e. g. inor­

ganic salts that melt and give coating preventing entry of O
2

and

heat to the reacting phase t (:)} molecules wh ich reduce the vola-

tility of flame resistant compound, (6) resin formers which act

as coupling agents between the substrate and flame retardants.

(7) compounds that act synergistically e. g. antimony compounds

in the presence of halogens. the phosphorus-halogen and phospho-

rus-nitrogen compounds are also thought to act synergistically.

The pertinent aspects of a few fire-retardant systems are discussed

below.

1.10.1 Phosphorus compounds

Organic phosphorus compounds are successfully employed

in fire retardation of a number of polymers [7.26,27 I 67 . ] . Cellu-

losics [89] and polyurethanes [7,26,27.90] are two examples

worthy of mention.
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In polyurethanes also, the action of phosphorus based

fire retardants appear to involve char formation [91}. FRs are

expected to condense with the depolymerised isocyanates or am ines

forming thermally stable resins and char.

The char formation on a smoldering combustion is further

enhanced and smoldering prevented with the additions of FRs.

Phosphorus compounds can also act thermally to break

down t he polymer for enhanced drip [92]. It is also reported

that certain phosphorus compounds such as trimethyl phosphate,

triphenyl phosphine oxide etc. act to modify the vapour phase

processes [93,94}.

In poly( ethylene terephthalate) and poly( methyl methacry­

late), phosphorus FRs produce aromatic residue and char and

the char is thought to act as a thermal barrier [95}. In general,

phosphorus flame retardants act as an acid precursor in the solid

phase to induce selective decomposition path ways that result

in the reduction in the rate of fuel formation and an increase in

charring [96}.

1.10.2 Halogens

Halogen fire retardants function generally in the vapour

phase by radical transfer mechanisms [67, 97} . This is predomi-

nantly the mechanism of bromine containing fire retardants (1.4.2)

The predominant flame retardant action of chlorine compounds is
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cantered in condensed phase process and is expected to increase

char formation. Hilado and Casey reported that chlurinated

rubber has a greater tendency to char than do styrene butadiene

rubber, nitrile rubber etc. [98]. Bromine compounds are great .v

twice as effective as chlor'ine compounds [67]. It is desirable

for the fire retardant to decompose at lower
o

temperature 60 C

less than the decomposition temperature of the polymer [99].

Bromine compounds with decomposition temperature in the range

o
200- 300 C go well with the decomposition of most of the plastics

[67] . Another mechanism of halogen action postulates that the

halogen alter the physical properties density and heat capacity

of the oxidant mixture so that the flame propagation is effectively

prevented [100]. Both dripping and char formation interfere with

the energy feed back cycle.

1.11 FLAMMABILITY Vs THERMAL STABILITY OF POLYMERS

Flammability of a polymer decreases as its thermal stabi-

li ty increases. Thus thermally stable polymer structures that

are inherently flame resistant can be built up. Fig. 1.3 gives

structures of a few polymers that are inherently flame resistant.

Their high cost and processing difficulties, however restrict their

use to high performance applications. It becomes therefore appa-

rent that use of flame retardants as additives or reactive systems

is the only way open to make polymers that are flammable flame

resistant. However, knowledge on thermal stability of polymers

is required for the selection and use of appropriate flame retar-

dants.
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1.11.1 Thermally stable polymers

Extensive investigations have been carried out in the

field of thermally stable or high temperature resistant polymers

for the last three decades. Research in this field has received

impetus mostly from defence and space requirements owing to the

need for ablative systems, high temperature adhesives and

coatings and heat and flame resistant fibres. Among the three

broad group of polymers, organic. organo-inorganic and inorganic.

organic polymers find more extensive commercial importance as

heat resistant polymers. For a polymer to be considered as ther-

mally stable. the thermal stress in terms of time and temperature

that the material has to withstand is to be defined. An increase

in either of these factors shortens the expected life time. and

if both are increased the use time is shortened logarithmically.

H.H. Levine[101]has specified the total ther-nal stress for a heat

resis tant polymer to withstand as 177 0 C (350
0

F) for 30,000 hours.

o 0 0 0 0
260 C (500 F) for 1000 hrs, 538 C (1000 F) for 1 hour or 816 C

(1500
0

F) for 5 minutes.

The most widely used method for comparing the thermal

stabilities of high temperature polymers is dynamic thermogravi-

metric analysis (TGA). TGA data provides information about the

threshold temperature at which major fragmentation occurs and

is therefore an indication of the inherent stability of the polymer

structure [102]. In TGA. the sample weight loss is continuously

monitored at a given heattng rate and in a specified environment
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of vacuum. air or inert atmosphere. This method of analysis

has the advantage of being rapid and reproducible when experi-

mental conditions are carefully controlled. Since the heating rate

o
employed in the analysis are relatively rapid (2-30 Clminl. T~A

curves are generally considered as an index of short term stabi-

lity. One disadvantage is that TGA curves are sensitive to experi-

mental variables such as particle size and heating rate. Because

of the sensitivity of TGA to experimental conditions a strict compa-

rison of thermal stabilities can only be achieved by analysing

samples of interest under identical conditions.

At times I isothermal thermogravimetric analysis (IGA)

is also used, though it is not as popular as TGA. In isothermal

thermogravimetric analysis weight loss as a function of time is

recorded at a specified temperature. One limitation of this

method is that at high temperatures, appreciable weight loss is

incurred during the heat up period before thermal equilibrium

is reached. Both TGA and IGA are based on weight loss and

provide no information on such processes as glass transition tempe-

rature (Tg) or crystalline melting point (Tm) which do not involve

weight loss. These properties can be measured by differential

thermal analysis (DTA) and differential scanning calorimetry

(DSC) . Both DTA and DSC are used for detecting endothermic

or exothermic changes suffered by the polymer [103] while heating

the material at a constant rate. There are inherent limitations

to these methods also due to variables such as heating rate.



sample size and others.

-33-

Other methods of thermal analysis such

as torsional braid analysis (TBA) t thermomechanical analysis

(TMA) and mass thermal analysis (MTA) have been applied only

to very few high temperature polymers.

1.11.2 Structural and theoretical requirements for thermal stability

The greatest source of thermal stability of a polymeric

material is the primary bond energy that exists between the

atoms in the chain. The strength of a chemical bond imposes

an upper limit on the vibrational energy that a molecule may

possess without bond rupture. Since heat increases the

vibrational energy, the heat stability is related to the dissocia­

tion energy of the bond. Bond dissociation energy bet ween two

atoms can be determined by measuring the energy of dissociation

into atoms or the heat of formation from the elements. The bond

energies between atoms capable of forming the polymer chains

are given in Table 1.4 [104] .

Besides the primary bond energies t polymers may also

derive additional stability from secondary valence forces. These

forces have a pr-onounced effect on Tg and Tm. Secondary valence

forces may arise as a result of several effects. The two impor­

tant are dipole-dipole interaction (upto 8. 7 Kcal/mol) and

hydrogen bonding (6-10 Kcal/mol).

The resonance stabilization of aromatic and heteracyclic
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Bond energies between the atoms capable of
forming polymer main chain

Bond energy. kca1/mo1e

98.0

83.0

63.0

53.0

53.0

115.0

110.0

107.0

106.0

105.0

93.0

82.0
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structures contribute substantially to the bond strength and

thermal stability. The resonance energies of these cyclic struc-

tures range from 40-60 Kcal/mol.

Another very important requirement for heat-resistant

polymers is high melting or softening temperature. High softening

systems could be achieved by (1) crystallisation, (2) crosslinking

and (3) chain stiffening.

Most of the thermally stable polymers are (1) polymers

containing aromatic or heterocyclic units in the main chain,

(2) fluorine containing polymers, and (3) inorganic and hetero-

organic polymers such as silicones and boron containing polymers.

1.12 SELECTION OF FLAME RETARDANT ELEMENTS AND FLAME
RETARDANT POLYMER SYSTEMS FOR THE PRESENT STUDY

A number of elements are known to give rise to flame

retarctancy to polymers. These are phosphorus, halogens, nitrogen,

boron, arsenic, antimony, certain heavy metals etc. Phosphorus

is well known to impart flame retardancy to oxygenated polymers

such as cellulose, phenolics, polyurethanes etc. In order to

enhance the FR effect, halogens such as Cl or Br is also incorpo-

rated into the FR. Although addition of Br to phosphorus contai-

ning polymers enhances the LOI values. the mechanism of the

combined effect of P and Br is still to be settled. There are

contradictory reports on the combined effects of phosphorus and

bromine on the flammability of these polymers. It was shown

in a recent work at RRL, Trivandrum, that CNSL based thermoset
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polymers containing P and Br built into its structure exhibited

good self-extinguishing property and ablation. The need for

evaluating the thermal and flammability behaviour of model

compounds containing phosphorus and bromine is thus apparent.

Phenolics and the analogous substituted phenolic polymers,

for example, cardanolics (cardanol-formaldehyde resins and related

resins are hereafter referred to as cardanolics) were selected

for the present study because

1, P henolics are highly oxygenated polymers where

phosphorus is highly effective as FR

2. Phenol can easily chemically modified to introduce

FR elements.

3. Cardanol has in its structure both hydrophobic and

hydrophilic moieties that favours formation of wide

spectrum flame retardants as discussed earlier.

4. Both phenol and cardanol are model compounds for

incorporating P and Br so that their thermal and

flammability behaviour could be correlated to have

an understanding on the thermal and flammability

behaviour of the ablative material mentioned ear-t tcr ,

5. On going from phenol to cardanol the only structural

difference is the aliphatic C
15

side chain. A study

on the effect of the side chain on the thermal and
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flammability behaviour could be interesting and is

expected to lead to a complete understanding on these

systems.

1.13 THERMAL DEGRADATION AND FLAMMABILITY OF PHENOLIC
RESIN

1.13 ..1 Phenol-formaldehyde reaction mechanism

The conditions mainly pH and temperature under which

reactions of phenols with formaldehyde are carried out, have

a profound influence on the character of the products obtained [105].

Two prepolymer types are obtained depending on pH.

Novolaks are obtained by the r-eact ion of phenol and

formaldehyde in the acidic pH region. In general. the reaction

is carried out at a molar ratio of 1 mol phenol to 0.75-0.85 mol

of formaldehyde. Novolaks are mostly linear condensation

products linked with methylene bridges of a relatively low '1101e-

cular weisht unto 2,000. These resins are soluble and perma-

nently fusible, i.e. thermoplastic and are cured only by addition

of a hardener. almost exclusively formaldehyde applied as HMTA

to insoluble and infusible products.

Resols are obtained by alkaline reaction of phenols and

aldehydes, whereby the aldehyde is used in excess. P/F molar

ratios between 1:1 to 1:3 are customary in technical resol s ,

These are mono- or polynuclear hydroxy methylphenols (HMP)

which are stable at room temperature and by application of heat.
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seldom of acids are transformed into three-dimensionally cross-

linked, insoluble and infusible polymers (resits) over different

intermediate stages (resitols).

1.13.2 The degradation of phenolic resins

The degradation, both thermal and thermo-oxidative of

phenolic resins has been examined by Conley [106]. Infrared

spectral analysis was used extensively in the investigations of

phenolic-resin decompositions, as well as thermogravimetric

analyses [107], elemental composition studies [107], gas ch r omato-

graphic studies [108,109], model-compound and degraded polymer

synthesis [110,111] and various curing procedures. to examine

the effect of the degree of cure on the degradation of the

phenolic-resin system [107-109,112]. The first step in the oxt-

dation of phenolic resins can be visualized as shown in Fig. 1.4.

OH OH O-OH
I

CH2~CH2CVW\1 CH CH f\.AA.I)
2

02OH OH>-

CH2 CH2

12 CH2

l ~ ~
OH ..,

CH 2'VV\Nl

Fig. 1. 4
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Further oxidation resulted in evidence that was consistent with

the following Fig. (1.5) which resul ts in the formation of chain

scission products.

OH o
11
C-OH

Fig. 1.5

Degradation above 250
0

C and as high as 1000
0

C has been

examined [107-109,113,114]. Examination of the volatile products

as a function of temperature and degree of pyrolysis showed that

the chief products were CO, CO
2

and H
Z

0 as expected for the

extended oxidation of the resin. Paraformaldehyde, methane and

aromatic products were also formed. From the available data,
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it seems clear that oxidation is the primary mode of phenolic

resin decomposition through approximately 700
0

C, regardless of

whether the resin was decomposed in air, argon. or nitrogen atmos­

pheres. The high-temperature pyrolysis (between 700 and lOOOoC)

of phenolic resins in vacuuo was studied by mass spectral thermal

analysis and the reactions which have been proposed to account

for the observed product types are shown in Fig. 1.6 [ 109] .

From the data reported concerning phenolic resin degra­

dation it is possible to suggest that regardless of the particular

resin species present before curing. the degradation processes

occurr-ing at elevated temperatures are dependent upon the thermal

and oxidative stability of the dihydroxy diphenyl methane unit.

and therefore these polymers all behave similarly from a chemical

viewpoint once the curing processes are complete.

1.13.3 FLAME RETARDATION IN PHENOLIC RESINS

In general, phenolics are considered to have moderate

nonflammability characteristics. They vary from slow burning

to self-extinguishing The rapid loss of volatiles below the

ignition temperature leaves a carbonaceous residue which is quite

stable [106]. Within a short time the char undergo a highly

exothermic reaction which raises the internal temperature of the

material. Such reaction characteristics strongly suggest the forma­

tion of peroxide species in high concentration by a carbon-radical

scavenging process during the cooling stage. Decomposition of
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the peroxidic species. is so highly exothermic that the char

becomes incandescent.

However. most of the technology concerning flame retar­

dation of phenolic resins involves either the incorporation of

substances known to exhibit flame-retarding properties into the

backbone structure of the organic polymers or the addition of

various compounds or combinations of compounds into the resin

system to impart flame-retardant characteristics [106].

1.13.4, Phosphorus and nitrog~ compounds

Various types of phosphorus compounds have been added

to phenolic resins to impart improved flame resistance [115].

Approximately 6% by weight of phosphorus in a phenolic resin

will render it self-extinguishing. About 2% P and 2% N in a

phenolic will also have the same effect [116]. These additives

may facilitate the formation of ring structures which produce

charring and aid flame retardancy.

1.13.5 Halogen compounds

Halogen compounds make phenolic resins more flame resis­

tant but at the expense of increased smoke emission in some

cases. Novolaks can be chlorinated by chlorine gas for improved

flame retardancy [117]. Laminates. coatings. castings and molded

articles were prepared from this composition and are self-extin­

guishing.
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1.13 .6 Miscellaneous

Boron compounds also improve the flame retardancy of

phenolic compounds. It has been found that by adding aluminium

chloride to an aqueous acid curing phenolic formaldehyde conden-

sate its flame retardancy and self-extinguishing characteristics

are greatly improved (118]. Nonfr iabl e , self-extinguishing foamed

cons truct ions can be prepared by coating expanded phenolic panels

with solutions of alkali-metals or alkaline-earth-metal silicates

or fluoro silicates [119]. Table 1.5 lists some commercially

available flame retardants for phenolics.

Table 1.5 Commercial flame retardants for phenolics

Organic additive Trade name Manufacturer

1. Phosphate esters Escoflex COP East Coast Chemical

Antoxal Eronel Industries

2. CI'1syl diphenyl Escoflex COP East Coast Chemical
phosphate

Santicizer 140 Monsanto

Disflamoll DPK Naftone

Phosflex 112 Stauffer Chemical

3. Halogenated Phosgard C-22-R Monsanto
organic

PC-45 Upjohnpolyphosphate

4. Chlorinated Arroclor Monsanto
diphenyls and

Clphen Naftonepolyphenyls



Stauffer Chemical

Organic additive

5. Tris( 2-chloroethyl)
phosphate

6. Trichloropropyl
phosphate

7. Tris( 2, 3-dibromo­
propyl) phosphate
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Trade name Manufacturer

TCEP British Celanese

Fyrol CEF Stauffer Chemical

TCPP British Celanese

Firemaster T23P Michigan Chemical

LV-T23P Great Lakes Chemical

Fyrol 32 Band
HB-32

8. Box dimer C1 0 C1 2 Dechlorane Hooker Chemical

9. Chlorina ted
paraffin

Chlorowax liquids Diamond Shamrock
and solids

CP-40 and CD-50 Hooker Chemical

10. Chlorinated
organic

11. Antimony trioxide
dispersions

12. Barium metaborate
dispersions

Dechlorane
plus 602

HSC - P series

Busane 11-MI

Hooker Chemical

Harwick Podel!
Industries

Ware Chemical

13. Zinc borate 2B-112. 325 a 237 Hamphrey Chemical

Firebrake ZB D.S. Borax

14. Di-{polyoxy
ethylene)-hydroxy
methyl phos­
phonate (reactive
type of additive)

Frycl HMP Stauffer Chemical
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1.14 CARDANOL BASED POLYMERS AND THEm FLAME RETARDANCY

Cardanol, obtained from the plant Anacardium occidentale L.

has been shown to be a monohydric phenol with a C
15

side chain

in the meta position and is obtained from technical grade cashew

nut shell liquid (CNSL) by vacuum distillation at 3-4 mm Hg and

the fraction distilling at 228-235
0

L: was collected [ 120] . The

physical properties of cardanol are given in Table 1.6.

Table1.6:Physical properties of cardanol

B.P.

Colour (Lovibond, Red

Freshly distilled

o
Viscosity (30 C) cP

Refractive index

228-235
0C

(3-4 mm Hg)

( 1. 0-3 . 0, 1 cm cell)

Yellow (1. 5-3.5)

45-52

1.50

Cardanol is a mixture of four components differing in the degree

of unsaturation of the side chain (Fig. 1.7 ) [121]. Molecular

formula, molecular weight and percentage composition of each

component of cardanol are given in Table 1.7 The percent

composition however may vary depending upon the source, method

of extraction etc. There have been many attempts to separate

the components of cardanol and foremost among them is the work

ofTyman [122-124].
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OH

n ;;; 0 (CHZ \4 CH3

n ;;; 2 (CH Z)7
CH ;;; CH (CH

Z)
5 CH

3
8' (Z)

n ;;; 4 (CH
Z

)7 CH ;;; CH CHZCH ;;; CH( CH
Z)

ZCH
3

8' (Z) • 11 1(Z)

n ;;; 6 (CH
Z

)7 CH ;;; CH-CHZ-CH ;;; CH CHZ-CH ;;; CH
2

8' (Z) •

11' (Z) 14' (Z)

Fig. 1.7: Structure of cardanol

Table 1. 7 Chemical composition of cardanol

Component M.wt. Molecular formula

Cardanol with
saturated side chain 304 5.4 C

Z1H36O

Cardanol with one double
bond in the side chain 302 48.5 C

21H34O(munoone)

Cardanol with two double
bonds in the side chain 300 16.8 C

21
H

32
0

( diene)

Cardanol with three double
bonds in the side chain 298 29.3 CZ1H30O
(triene)
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The structure of cardanol was established through the

painstaking efforts of a series of workers such as Dawson and

Wasserman [125] I Paul and Yeddanappalli [126], Tyman and his

group [127], Gedam et al etc. One of the significant aspects

of its structure is its amenability to chemical modifications and

polymerisations. An examination of Fig. -: .'/ shows that cardanol

can undergo chemical modifications at the hydroxyl group. substi-

tution reactions on the phenolic ring and oxidation/addition reac-

tions at the side chain. The presence of active hydrogens of

the phenolic ring and the unsaturation in the side chain make

it polymerisable either by step reaction polymerisation or by

chain reaction polymerisation or a combination of both as is

practised in the preparation of resins for brakelining [128 J•

Cardanol thus possess interesting structural features for develop-

ment of speciality polymers.

1.14.1 Chemical modification of Dolymerization of CNSL and
car-dannl '

The Regional Research Laboratory, Trivandrum. has

recently developed two prepolymers ANORIN-38 and ANORIN-44

[129-132] by reaction with orthophosphoric acid followed by halo-

genation. The presence of highly acidic environment oligomerises

the phosphorylated molecules into a prepolymer simultaneously.

ANORIN-38 contains only P (8%) and ANORIN-44 contains both P

and Br (25%).
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Both ANORIN-38 and ANORIN-44 are highly reactive with

aldehydes, amines etc. [130,131] . They can be converted to

thermoset products [ 130-132] . The limiting oxygen index of some

of these products are given in Table 1.8.

Table 1. 8

Resin

Phos. CNSL

Limiting oxygen index values of a few fully
cured Anorin series fire-retardants

LOI value

38.0

Phos , and bromine containing resin 43.5

NR + ANORIN-38 21

NR + ANORIN-44 28

NR + ANORIN-44 + SbZ0
3

42.0

ANORIN-38 showed excellent miscibility and compatibility

wi th a wide range of polymers. It showed comparatively good

FR activity with polyethylene and polyurethane. Both ANORI~-38

and ANORIN-44 increased the mechanical properties of natural

rubber [133] and enhanced processability. Another interesting

observation was that ANORIN-44 in combination with Sb
Z

0
3

showed

excellent synergism with natural rubber.

The use of halogen definitely gives rise to smoke, but

blending with appropriate amounts of boric acid or aluminium
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trihydrate reduced the smoke level completely without deleteri-

ously affecting the properties. The present data obtained with

these two prepolymers indicate a wide range of applicability

without deleterious effects and above all cost effectiveness, a

factor that controls the market conditions. A composi te panel

prepared from fully cured ANORIN-44 does not burn even under

oxy-acetylene flame oaround at ~nnn ~ This material was fOW1d to

show excellent ablation characteristics.

1.14.2 High perfor-mance nolvmers from cardanol

The structural difference between phenol and cardanol

unsaturated side chain and hence cardanolis only the C15

undergoes most of the reactions of phenol. Thus cardanol can

be polymerised with formaldehyde to give resols and novolaks

[134]. The presence of the side chain gives it an added

advantage that it can be polymerised by chain reaction methods

as well. This gives rise to opportunities for selection and control

on polymerisation techniques for a particular product. For

example, the preparation nf resins for brakelining is reportedly

made by making use of an acid catalysed side chain polymerisation

followed by the conventional formaldehyde condensation. Apart

from the variety in polymerisation reactions cardanol can also

undergo chemical modifications at the hydroxyl. ring and the

side chain. Moreover, the hydrocarbon side chain itself by its

very presence imparts new properties such as internal plastici-

zatton , flexibility etc. [121] . A study by PHIal et al [135]
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have shown that high performance and speciality polymers could

be produced from car'danol by a variety of methods such as:

1. Funct ional tsar ion at the
hydroxyl group

1. Prepol ymer
OH

~R

route:

>

Functionalised
polymer

pre-

2. and oligomerisation

can be used in variety of
ways such as ion exchange
resins and polymeric
fire-retardants. depen­
ding on the functional
group

can be further poly­
merised and processed
into thermoset plastic
products having higher
impact properties
than do pher.olics

2. Dimer route:

OH

©lR

Dimerisation ~)Q}R-R~
HO OH

dimer

~
Copolymerisation with
rigid and bifunctional
monomers ~

Linear chain polymers
with repeating sequen­
ces of hard and soft
segments. Possibility
of formation of liquid
crystal polymers and
thermoplastic elastomers

3. Oxidation route:

OH

©lR

Chemical modifi­
cation at the hydroxyl
group and oxidation

ORl :>

©i; opoly mer-isation

O
with rigid

R'COO~d monomers
Liquid crystal polymer
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When studies were initiated to develop speciality polymers

from cardanol t it became apparent that there exists a wide gap

between the technology and scientific understanding. There has

been a total lack of data on kinetics and mechanism of polymeri­

sation of cardanol except the work of Misra and Pandey who

reported the kinetics of alkaline catalysed formaldehyde conden­

sation [136]. It is well known that it is not possible to apply

modern methods of polymer science and technology for the deve­

lopment of speciality polymers without basic data on polymeri­

sation characteristics and structure-property correlations. So

kinetics and mechanism of polymerisation of cardanol were studied

using acid catalysts such as H2 SO4 t H3 PO4 and Lewis acids such

as BF
3

etherate [137]. These studies showed that cardanol under­

goes oligomerisation under acidic conditions through the side chain

unsaturation and the oligomerisation is initiated by protonation

of the side chain followed by cationic chain growth. These

studies led to the. development of the prepolymer technology where

cardanol was functionalised at the hydroxyl group using orthophos­

phoric acid [135]. The high acidic conditions simultaneously

initiate oligomerisation giving rise to a prepolymer as the phospho­

rylated product. It was found that formation of the prepolymer

(pep) is advantageous in the sense that it can be used as a multi­

purpose resin because of the possibilities of its different end

products as shown earlier. The introduction of the phosphate

gr-oup raised the LOI value from 21.0 to 35.0 for the amine cured

product and the lap shear strength for wood to wood bonding

increased 500 fold (Table 1. 9) .
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Resin
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LOI value of cured PCP /PC NSL resin

LOI

PCP (HMTA) cured

PCP (Paraformaldehyde) cured

Brominated PCP

Cardanol-formaldehyde (Novolak)

CNS L- formaldehy de

Polyethylene

PCP-Polyethylene

35.0

33.0

42.0

21.0

21.0

16.9

24.5

When it was used as matrix resin for asbestos fibre based

brakelinings, a fade value as low as 19% was registered.

The presence of both hydrophilic and hydrophobic groups

in the same molecule makes PCP an ideal candidate for wide

spectrum [138] polymeric flame retardanLPCP resins were found

to be compatible with a wide spectrum of polymers such as poly­

olefins, polyurethane and natural rubber.

One of the significant observations has been that intro­

duction of bromine into the phosphorylated prepolymer imparts

the property of ablation to the polymer [132]. When tested by

oxy-acetylene panel experiments conducted as per ASTM method,

the PCNSL based ablative reinforced thermoset product gave a
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total burn through time of 97 sec compared to 88 sec for conven­

tional phenolic and 200 sec for a blend of PCNSL with phenolic

resin suggesting synergism. Thermal analysis of brominated PCP

did not show any significant contribution to ablation from thermal

stability and char yield. So it was inferred that the ablation

process might arise from the endothermic liberation of vapours

of hydrobromic acid followed by transpiration cooling effected

through the decomposition gases of the side chain [139].

In another study, it was shown that cardanol-formaldehyde

(CF resins, both resol and novolak) form semi-interpenetrating

networks with PMMA [140]. Although interpenetration of P~1~1A

increases the mechanical properties only marginally, it showed

a stabilization in PMMA at 350
0

C from 50% decomposition to 15%.

However, the Tg of CF registered an unusual increase from 128°C to

144
0

C suggesting restriction in the segmental motion of the CF

phase brought about by mixing with another rigid polymer such

as PMMA (141].

One of the remarkable achievements in converting cardanol

into high temperature resistant polymer was the successful prepa­

ration of a homopolyester and a thermotropic liquid crystalline

polymer [142]. When cardanol was subjected to phase transfer

catalysed KMnO 4 oxidation the side chain was cleaved and

oxidised to 3-HPOA (8-(3-hydroxy phenyl) octanoic acid.

3-HPOA is a bifunctional monomer possessing both 'kink' structure

and flexible segment (-(CH
Z

) 7 ) built into the same molecule.
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These structural features are useful in bringing down the transition

temperature of intractable liquid crystalline polymers such as

P-HBA so that they could be made processable. While HPOA was

copolymeriscd with P-HBA • the LC copolymers showed a transi­

tion at 256
0

C which is much lower than those of the commercial

products Vectra and Xyder.

o
occurred at 409 C.

The istropic melting of the polymer

It appears that the opportunities for chemical transfor-

mation of cardanol into high value polymers are vast.

1.15 SOME PROSPECTIVE APPROACHES TO MORE EFFICIENT
FLAME RETARDANT SYSTEMS [143]

1.15.1 Vapour phase flame retardants

The widely used flame retardant systems which contribute

hydrogen chloride or hydrogen bromide to the vapour phase may

be acting by not much more than a physical heat capacity effect

[144] . The work on tris (dichloroisopropyl phosphate) in poly-

urethane foams by Weil et al also suggests a physical mode of

action [145]. Flame studies in hydrogen oxygen flames show vapo-

rized metals active as hydrO~Eln atom recombination catalysts.

Therefore it can be said that vapour phase flame retardants may

be found for use in plastics.

Efficient physical carr-ier-s to haat , air and pyrolysis products

Carbonaceous char barriers may be formed by the normal



-55-

mode of polymer burning and besides the reduction in the amount

of material burned, the char may act as a fire barrier. For

polymers with low char forming tendencies, such as poly ol efins ,

one approach to get a char is to add a char-forming additive

(generally bearing a resemblance to intumescent coating

compositions) [146].

1.15.2 Permeability of carbonaceous foam

To work optimally the char or similar barrier should

be coherent, adherent, oxidation-resistant and low in permeability

to heat and gases. A closed cell foam prevents the penetration

of combustion vapors and air through char layer. Gibov et al

[147] showed that the incorporation of boric acid and ammonium

phosphates helped cut down penetration of the char. The

cracking or defoliation of the char can also cause exposure of

the underlying material to burning. A general way to improve

the coherence of char may be to use formulations of improved

intumescent coatings [148J. (by use of high aspect ratio inorganic

filler) .

1.15.3 Oxidative destruction of the char layer and its prevention

The char layer from a burning polymer while it exerts

protective action, is itself vulnerable to oxidation. Studies on

preventing combustion of carbon fibers. incorporation of borates,

phosphates. or low melting glasses has been shown to be effective

[149,150]. Other types of barriers Include , (1) glassy coatings
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using low melting glasses. (2) glassy foams. (3) carbonaceous

foams with substantial carbon content. (4) fluorocarbon films and

coatings. and (5) metallic surface coatings. The char enhancing

action of magnesium soaps. siloxane block polymers [151 J and

the char stabilizing action of lead salts [152] were studied in

polyolefins by general electric investigators.

1.15.4 Free radical inhibitors in the condensed phase

Surface (condensed phase) oxidation plays a major part

in the flaming degradation of polyolefins [153]. An antioxidant

system in the condensed phase should have a flame retardant

effect.

1.15.5 Catalytic modes of name retardant systems

Certain catalytic modes have been well exploited in flame

retardant systems. namely the dehydrating action of compounds

which yield strong acids under flaming or smoldering conditions.

If a hydrocarbon could be made to undergo oxidative dehydroge­

nation to form water and char. its heat of combustion could be

cut to about one-third the heat of complete combustion to COzand

H
20

and this would afford a dr-ast ic reduction in flammability.

There are some reports of the dchydrogenation/oxidative dehydro­

genation made of catalysis for flame retardation.
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1.15.6 Polyblends of flame retardant with non-flame-retardant
plastics

Since the chernlcal modification of polymers for improved

flame retardancy increases cost and deleteriously affect some other

properties, from a commercial stand point. the present trend is

to utilize polyblending. For example. in the case of PPO-PS

blends. the good char forming ability of the PPO greatly helps

flame retardancy [154].

1.15.7 Synergism

The quantitatively-measured flammability of a polymer

containing differing levels of a flame retardant is usually not

linear, but is more likely to be synergistic or antagonistic.

Careful attention to quantitative activity vs concentration relation-

ships. to the effect of interaction terms in combinations and

careful observation of the manner in which one mode of action

supports and reinforces another seems to lead to highly efficient

flame retardant systems.

1.16 FLAME RETARDATION BY INSITU GENERATION OF THERMALLY
STABLE STRUCTURES

The existence of innumerable polymers whose mechanisms

of combustion vary. calls for various approaches for flame retar-

dation. As has already seen from the earlier discussions. it

is clear that inhibition of flammability could be achieved by

modifying reactions in the condensed phase or vapour phase proce-

sses of a burning polymer. It has already been shown that a
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a number of fire retardants function by increasing the char yield.

Research should be directed to find a catalyst or a comonomer

that catalyses the reaction of the polymer to yield ultimately

carbon and water. Thus I it is possible to use a more stable

ai ipna t ic bromine compound that gives less smoke. In a recent

study on brominated phencl s containing allyl side chain, the allyl

group is said to impart higher stability to the polymer

Similarly alicyclic structure that give more permanency and

greater stability could be thought of. Coupled with such fire­

retardants a greater understanding on the control of pyrolysis

and control of dripping of polymers are needed.

It has been shown that though comparatively less

flammable the weak portions of the phenolics are the methylene

bridges. The methylene bridges could be replaced by more ther­

mally stable curing agents such as 4-hydroxy benzoic acid,

df phenol.s , furfural etc.

Fenimore and Martin in their study on oxygen index

of polymers found that the LOI can be related to the char forming

ability of the polymer. This possibility indicates that polymer

flammability possibly depends more on the condensed phase

reactions.

Piechota found definite correlations between raw materials

formulation and fire-retardancy of polyurethane foams. Quin

studied the effect of structural unsaturation and found that LOI
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increased with the unconjugated unsaturation and simultaneously

the char forming tendency also increased.

The presence of certain structure or segments in a

polymer is found to enhance thermal stability. Thus inducing

the formation of polycarbodiimide structure and trimerization of

isocyanates into thermally stable Isocv anura tes are two examples

that could be app l ie d in the polyurethane system.

2 R N CO

3 R N CO

--~':r NR = C = NR

Carbodiimide

o
11

/C .........
R-N N-R

1 I
o=c C==o

......... /
N
I
R

l so cyanur ate

Since these structures contribute to stiffness I it would be difficult

to build units of high tne r-nal stability and still maintain flexibi-

lity.

Anderson has shown that weight loss in polyurethane foam

decreases with an increase in cross-link density. Arornattsat ion ,

cyclisation and cross-linking of polymer during pyrolysis may

favour enhanced char formation.

Certain organic acids such as pyromellitic acid. trimelli-

tic acid and maleic acid are good char formers and oxalic acid
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and trimellitic acids are combustion modifiers. Ascorbic acid is

a good char stabiliser. So polyurethane foam could be made fire

retardant without smoke generation by using a combination of char

former. combustion modifiers and char stabilizers.

It has been shown that the decomposition reactions of

polyurethane can be altered by the addition of aromatic. alcohols

and aldehydes such as benzyl alcohol, benzaldehyde etc. These

additives are believed to function by condensing with the depoly­

merised acids to form thermally stable resins and char.

When the overall function of a flame retardant including

inhibition of smoke and toxic gas is considered, the data shown

in this section are significant in the sense that they direct

towards a higher level of safe name retardation through

appropriate understanding and control of structures and

mechanisms. Possibly, this could turn out to be a better way

of. looking at the problems rather than going unscrupulously synthe­

sising unlimited number of chemicals for name retardation.

However this attitude should go along with improved methods for

measuring flame retardant effectiveness.

1.17 WIDE SPECTRUM FLAME RETARDANTS

This concept has been discussed earlier. This approach

may be adopted to develop more effective flame retardants.
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SCOPE AND OBJECTIVE

The significance and the need for flame retardation of

polymeric materials have been brought out in the preceeding

sections. It is clear from this treatment that al though there
(FR)

are innumerable fl arne retardants wi th excellent LOI values there

is no FR till today that meets all the requirements that specifies

an intended use. A review of various approaches to the use of

FR has shown that there are definite advantages in using FR,

(a) built into the structure of the polymer I and (b) as a pre-

polymer. The admirable qualities of wide spectrum flarne

retardants and their advantages have also been discussed. When

all these aspects wer-e considered, it was thought fit to select

the system based on phenol (because of its amenabil ity to

chemical nodifications so that the desired FR element could

easily be introduced) and substituted phenols (for example,

cardanal from which wide spectrum FR caul d be developed).

So the objectives of the present work are the following:

1. In developing wide spectrum FR based on cardanol, it

was evident that there are not enough data on the polyme-

risation characteristics of cardanol . So it was though t

necessary to study kinetics and mechanism of polymeri-

sation of cardanol using BF3 etherate as initiator.

2. To synthesise and characterise wide spectrum FR pre-

polymers and polymers from cardanol containing FR elements



-62-

such as P and Br and to evaluate their thermal and

flammability behaviour (the elements P and Br were selec­

ted because an earlier work at the R. R. L., Trivandrum

has shown that CN5L based thermosets containing P and

Br exhibits ablation phenomenon).

3. To study separately and together the effect of P and Br

on the mechanism of flame retardation with a v ie w to

assessing their suspected synergism-additive behaviour.

4. Phenolic resins are believed to degrade by a thermo-oxi­

dative process. Introduction of phosphorus is expected

to enhance resistance to thermo-oxidation. Direct phos­

phorylation of phenolics gives rise to early gelation and

so in the present work P is introduced at the rnonorner

level. So the fourth ob jective is to synthesise and

characterise P and Br containing phenolics and evaluate

their thermal and flammability behaviour.

5. Polyphosphate esters of phenol are well studied and are

known to give good thermal and flammability behaviour.

Replacing phenol wi th cardanal is expected to impart

additional property such as improved processability, wide

spectrum FR effects etc. So the fifth objective is to

synthesise and charactertz« poly phosphate esters based

on eardanol with hydroquinone, bisphenol. tetrabromobis­

phenol and phenolphthalein and to evaluate their thermal

and flammability behaviour.
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6. To study the effects of these FR on another polymer and

to evaluate the relative performance of monomeric FR vis­

a-vis polymeric/wide spectrum FRs. it is proposed to

prepare blends of a few of these FRs with polyethylene

and study their thermal and flammability behaviour.

7. As the element boron is known to give good thermal and

flame-retardant characteristics. it is proposed to synthe­

sise and characterise boron containing polymers of

cardanol and phenol and evaluate their thermal and flamma­

bility behaviour.
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CHAPTER 2

POLYMERISATION CHARACTERISTICS OF CARDANOL

2.1 INTRODUCTION

A detailed drscusr.Ion vf cashe wnu t shell liquid and its

distillation product cardanol has been presented in the introduc­

tory chapter. Cardanol is a monohydric phenol having an unsatu­

rated aliphatic side chain at the meta position (see Table 1. 6 for

its properties). Being phenolic in nature, it has been used in

the manufacture of special surface coatings, brakelining resins,

epoxy resins etc. [1-5]. The literature on cardanol is replete

with innumerable patents [6-8] and reports [3.4]. but its

industrial utilization has been lagging behind. Actual commercial

ventures have been limited to a few industries and in most of

the applications, the inherent properties of cardanol has not been

properly utilized. Moreover, an analysis of the literature on

car-danol indicates that most of the work is product oriented

without much concern for basic studies such as fundamental aspects

of polymerisation, structure-property correlations etc. It is well

known that information on these aspects are essential for the

design and development of advanced polymers to meet specific

requirements. The reasons for this lacuna in the case of CNSL

polymers may be many, but in the case of cardanol t the inherent

problems associated with it is the fact that it is a mixture of

four components (see Table" 1.7) differing in their degree of
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unsaturation [9-11]. Although separation of these components has

been worked out by many groups [12,13 J, it was difficult to get

polymerisable quantities. Being an inexpensive raw material,

large scale manufacturers still prefer cardanol and would not

resort to separation [6] into its components on economic grounds.

The scarcity of data on the polymerisation characteristics of

cardanol and structure-property correlations of its pol yrners has

been an impediment in the development of speciality polymers

from cardanol .

One of the most interesting aspects of the structure of

cardanol is its ability to undergo polymerisation by both step

reaction and chain reaction mechanisms. .'\dded to this is its amena­

bility to manipulations through chemical modifications (this aspect

will be discussed in detail in the next chapter). Being phenolic

in nature, cardanol undergoes the conventional aldehyde conden­

sation reactions to give novolaks and resols depending on the

conditions of polymerisation. The kinetics of formaldehyde conden­

sation of cardanol has been reported only very recently (14).

In the case of chain reaction polymerisation, few systematic

studies are reported except that of dimerization studies of

cardanol by Tyman (1]. However, many of the patents (6-8,15]

cite a cationic polymerisation involving acid catalysts such as

sulphuric acid, phosphoric acid, diethyl sulphate etc. There

are also examples of Lewis acids such as aluminium chloride in

the polymerisation of cardanol. Even metals and metallic powders

are reported to be used in the polymerisation of cardanol. In
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flask fitted with a mechanical stirrer, reflux condenser, and

Borontr i fluo r i ded iethy 1-

o
kept in a constant temperature oil bath at 140+1 C.

Polymerisation

One typical polymerisation procedure is given below.

EXPERIMENTAL

Materials

inlet,

The contents were allowed to attain the temperature of the bath

2.2.2

Cardanol (20 g, 0.67 moles) was taken in a 100 ml 3-necked

and BF
3.OEt 2

(0.2 g, 1%) was added with vigorous stirring under

etherate (48% BF3' fluka Chemicals Corporation, Germany) was

used as supplied without further purification.

reported for pure cardanol [18,19] (CNSL was purchased from

of standard specification IS:840 (1964).

Kerala State Cashew Development Corporation, Quilon, and was

Cardanol was obtained by double vacuum distillation

of cashewrrit shell liquid (CNSL-8007-24-7) at 3-4 mm Hg and

the fraction distilled at 230-235
0

C gave a refractive index of

1. 509 and Brookfield viscosity of 450-520 cps at 30
0C

as

taken to study in detail the polymerisation characteristics of

2.2

2.2.1

cardanol using BF3.OEt2 as catalyst.

this perspective, Manjula et al undertook a systematic study

It was further shown that BF3 .OEt 2 is a good cationic initiator

for the polymerisation of cardanol. The present work was under-

of the polymerisation of cardanol using acid catalysts [16,17].
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Samples (1 ml) were withdrawn at definite

intervals of time. chilled and were analysed by GPC.

2.2.3 Measurements

The GPC data were obtained using Hewlet Packard 1081B

HPLC, equipped with an automatic sample injection system and

a differential RI detector. The GPC columns used in this work

were styrene-divinyl benzene copolymers based microstyragel 100 AQ

and 500 A
O

(Waters Associates) connected in series. An additional

column wi th a large porosity (10
3

A
0

) was used along with the

present set of columns to get better resolution. THE' t HPLC

grade) was used as the eluent. The GPC columns were calibra-

ted [20-22] by the linear calibration method (Least Square App ro-

ximation) with monodisperse polystyrene standards. supplied by

M/s. H. Knauer a Co., West Germany. Polystyrene standards used

had molecular weight in the range of 800-19000 with a polydis-

persity of 1. 08+0.02.

The transmission infrared spectra were recorded on Perkin

Elmer IR Spectrophotometer Model 882 as neat films on NaCl

windows by the smear techniques. 1 H NMR spectra were recorded

on Hitachi R-24B high resolution NMR spectrometer in CC1
4

using

TMS as internal reference. 13 C !<MR spectra were recorded on

a JEOL FX-90 Q FT spectrometer.

2.3 RESULTS AND DISCUSSION

The polymerisation of cardanol initiated by BF
3

.DEt 2 was
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Initial optimization studies showed that addition of

BF3 .OEt z polymerises cardanol within a few minutes and that the

optimum temperature of polymerisation is 140
0

C .

2.3.1 Effect of time and temperature

Lg.'2.1 gives the GPe patterns of the polymerisation pro­

ducts of cardanol at 140° C for 4 min and for 5 h s in comparison

to that of cardanol alone. Peaks marked I and II in the product

mixture of cardanol correspond to monomer (cardanol) and dimer

respectively. as evidenced by spiking the product mixture with

authentic samples of monomer and dimer. Peak III corresponds

to the polymer having a molecular weight of 3500-4000 (:\11 mole-

cular weights reported here are with respect to polystyrene

standards) . In no experiment, 100% conversion of the monomer

to polymer was observed. Even after a period of 5 hs the

product mixture was found to contain 8-12% monomer.

The concentrations of the different reaction products

(monomer, dimer and polymer) as a function of time for the poly-

merisation of cardanol at various temperatures obtained from GPC

measurements are presented in Fig.2.2;::>.-e. It was observed that

at all temperatures, the polymerisation reaction was rapid as

revealed by the sudden disappearance of the monomer and the

quick formation of the polymer.

The variation of the GPC patterns of the polymerisation

products of cardanol wi th temperature is given in Fig.:: . 3a. It
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is evident that as temperature increases, peak I decreases in

o
intensity, reaches a minimum at 140 C and then increases. • Hence

o
140 C can be taken as the optimum temperature for the formation

of the polymer. Furtner increase in temperature increases the

monomer content indicating that possibly there is thermal decompo-

sition or depolymerisation taking place o
above 140 C. Cardanol

has been reported to be quite stable even at 180
0

C [18]. When

the polymer obtained at was heated to 180
0C

and then

analysed by GPC, the GPC pattern was found to be exactly similar

to that obtained by direct polymerisation reaction at 180
0

C.

The total percentages of the monomer, dimer and the polymer

were identical and there was no other loss due to decomposition.

This possibly indicates depolymerisation of the polymer above

o
140 C. Similar depolymerisation reactions have been reported

in the cationic polymerisations of cl-methyl styrene [23,24], alipha-

tic olefins [25,26] and styrene (27].

Similar trends were observed when the concentrations

of rnonomer , dimer and polymer (obtained by integrating the area

under the respective GPC peaks) were plotted against temperature

as shown in Fig. 2 .3b.

The Late of polymerisation at different temperatures was

calculated from the slope of the corresponding percentage conver-

sion-time curve, and is shown in Fii.2.3c. It was observed that

R increases with reaction temperature reaching the maximum value
p

-3 -1 -1 0
of 17.015 x 10 m L sec at 140 C and then decreases.
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Fig.2. 4 shows that the polymerisation reaction follows

constants wererate

first order kinetics with respect to monomer concentration. The

found to be 6.67 x 10-
3

sec-
1

at 130°C and

8.75 x 10-3 sec -1 at 1400 C. Using the Arrhenius equation,

activation energy was calculated to be 8.98 Kcal/rr.ole.

2.3.2 Effect of initiator concentration on the polymerisation

It is observed that the percent conv ersion of the monorner

to polymer is unaffected by the variation of the initiator concen-

tration upto 2%. Beyond 2% initiator concentration, the reaction

system was found to gel instantaneously and so the products could

not be analysed by GPC. The molecular weights obtained (Mn and

Mw) with varying initiator concentrations are presented in Table 7..1

It is found that maximum molecular weight (Mn) is obtained at

1% initiator concentration.

2.3.3 Molecular weight and molecular weight distribution

The plot of the number average molecular weight vs tempe-

Pol y -rl ' spersity was found to increase from

rature (Fig. 2.3d) indicates that the average molecular weight

increases from 730 at 30° C to 3575 at 140
0

C and then decreases

to 1720 at 180°C.

Many patents cite the polymerisation temperature of car­

o
danol as 180 c. when cattont : initiators such as H

2S04,
H

3
P0

4
'

AIC1
3

etc. have been used. Further studies have to be done

to see whether depolymerisation occurs or not, with these
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catalysts at this temperature.

2.3.4 Spectral studies

The infrared spectra of pure cardanol and polymerised

cardanol are given in Fig.2.5a and2.5br'8spectively. The peaks

-1 -1 1
at 1620 cm (c =. c str ) t 3040 cm (C-H Str of alkene) and 790 cm-

rC-H out of p Iana deformation) [28] were found to diminish in

intensity in the spectrum of polymer, indicating that polymeri··

sation has taken place through the double bonds in the side chain

1
The H ~MR spectra of cardanol and polycardanol are shown in

Fig.2.Fi"land 2.Gb. The multiplet atcS3.2 - 5.4 ppm (C!:i = C!:i) [14]

was found to decrease in intensity in the spectrum of the polymer.

From Table~.2 it is
13

clear that the intensity of C NMR spectral

absorption bands of olefinic carbons at r; 111-115 ppm) [29]

,

of polycardanol is less than that of cardanol. These observations

indicate that polymerisation has taken place through the side

chain double bonds.

As revealed by the time-conversion curves (Fig.:2. 2a-c)

polymerisation reaction was rapid suggesting a chain mechanism

(30]. The IR and NMR spectra also indicate involvement of unsatu-

ration in polymerisation. BF3 .GEt 2 is often used in the polymeri-

satian af aIefins, vinyl ethers etc. Warsfald and Bywater [311.

investigated the polymerisation of cot. -methyl styrene and Giusti

[32] studied that of styrene using SF3 .GEt 2 in the presence and

absence of H
2

0 . . These studies showed that BF
3

ether-ate is less

reactive but more convenient than BF
3

:H
2

0 . In both cases the
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formation of a protonated species appears to be the initial step.

GPC data show that the percentage weight of the monornar

which remained unpolymerised under optimum conditions is only

8-12%. which is equivalent to the percentage of the saturated

component present in cardanol. So this indicates conversion of

all the unsaturated components into d imervpol ymer-. Taking

manoene {which is the major component) [7] as example, the poly-

merisation could be depicted as follows (Fig. 2.7):

CH3 CH3
I I

( CH2)S (CH 2)S
II -tHC-CH7;;"n HC=CH

I > I
(C H2)7 (C H2)7

©lOH ©lOH
Monomer Polymer

Fig. 2.7
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Tyman [1] has proposed that the polymerisation of cardanol

under acidic conditions might involve the formation of an allylic

carbonium ion frem the more reactive triene component. However,

Tyman does not provide any experimental evidence regarding the

involvement of the triene component alone. As the present data

indicate conversion of all the monoene , diene and triene compu-

nents into the polymer) further understanding of the system

requires data on the rates of reaction of the individual cornpo-

nents. Manjula (17] also proposed a carbocationic mechanism with

the addition of a hydrogen ion to one of the double bonds of

the side chain. Thus the complex nature of the system cautions

not to make conjectures on the nature of the mechanism of pOIJ·:;.e-

r i sat ion . However, it appears that the polymerisat ion of cardanol

under BF
3.OEt z could be said to be carbocat ioni c [30] in nature

and might involve protonation of cardanol as the initiation step.

With a first order kinetics it is probable that the termination

would involve a transfer to the monomer .
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Table 2.1: Effect of initiator concentration on
a

poly mer-Lsat ion of cardanol

SF
3

.DEt Monomer Dimer Polymer
2 b

% % % % '1 '1 \-1 w D

0.25 18 14 6B 3000 8633 2.88

0.5 15 13 72 3376 9542 2.83

1.0 12.6 12.6 74.6 3763 11507 3.06

2.0 14 14 72 3184 10045 3.15

c
3.0

o
a: Poly mer-i-iation was carried out at 140 C for 10 minutes

b: D:::
Mw

Mn
::: Poly d ispot-s i ty

c : Gelled instantaneously
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Table 2.2: 13 N~R absorption bands with relative intensities
C

Cardanol Polymer

ppm Intensity pprn Intensity

108.24 1 i34 112.628 1-!67

112.737 2968 113.874 125

114.741 399 114.308 111

115.500 4237 115.445 1911

121. 080 2830 116.962 97

126.822 209 120.759 1824

127.635 354 122.00 151

128.068 1063 123.788 174

128.231 999 128.176 234

129.422 3869 129.26 2428

129.964 2446 129.856 659
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Eluent : THF

Flow rate ~ I.Oml/ min.

Sample size 20)l1.
( 10% Solution in T HF )

Temp : 30°C

c

I

~

'"c

~
0
0-
U') a~

er. HI
L 11 I0
+-J
U
~

b~

~

0

4 8 12 16

Retention time (mloutesi- •

2.1: GEL PERMEATION CHROMATOGRAMS OF (a) Cardanol (1)

Cb) Polyrneriz at ion product of I ( 140°C, 4min)
o

(c) Polyrre rization product of re 140 C, 5 hrs)
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Eluent :THF
Flow rate : l.Ornl/rnin
Sample size:20~ I

( 10 % Solution in THF)
Temp. : 30°C

180°C

l600e

140°C

130°C

1 110°C

~

lI'l
c:
0

90°CCl.
VI
~

0:::
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~

0
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0-0"'0, ....
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temperature
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1
o

I I I

o 2 4 6 8 10

Time in minutes ..

Fig. 2.4 In aa_ x Vs. TIME FOR THE POLYMERIZATION

OF CARDANOL. a. is the concentration of the
monomer and x. is the amount reacted during
pol ym (2 r izati on.
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Fig.2.5 I nfrared absorption spectra of
cardanol (A) and cardanol after
poly mer ila t ion (B)
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CHAPTER 3

SYNTHESIS AND THERMAL CHARACTERISATION OF
CHEMICALLY MODIFIED CARDANOL POLYMERS

3.1 INTRODUCTION

In the last few decades considerable attention has been

paid in controlling the flammability of commercial polymers [1-

10). A host of flame retardants that control the flammability

of polymers have been developed based on the following elements.

Phosphorus, bromine, chlorine, antimony, nitrogen, boron, alumi-

nium, magnesium, zinc and tin 12-4] . Of these, phosphorus and

halogens are the most widely used. These elements may be added

in the form of additives to the substrate polymer or incorporated

into the structure of the polymer itself. The latter approach

is sometimes preferred because the polymeric flame retardants

have better resistance to extraction, migration, volatile loss etc.

and the flame retardancy is thus permanently fixed [ 11. 12] .

In this connection the wide spectrum flame retardants[ 13] discussed

in chapter 1 are interesting because they are prepolymers and

apart from having the desirable properties of polymeric flame

retardants, they are expected to be compatible with a wide

spectrum of polymers [ 14] . Thus cardanol, having both

hydrophilic and hydrophobic moieties [15] is a suitable candidate

for chemical modification (whereby the FR elements could be intro-

duced) and polymerisation into a prepolymer [16] 50 that the

product is expected to behave as a wide spectrum flame retardant .
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Earlier work carried out at the Regional Research Laboratory,

Trivandrum has shown that phosphorylation of cardanol

results in simultaneous polymerisation so as to give a phosphory­

lated prepolymer (pep) that showed enhancement in thermal stabi­

lity and flame resistance [17]. As the polymerisation takes place

simultaneously it was not possible to control the polymerisation

in the desired way. 50 in the present work. the phosphorylated

monorner was prepared by a different method and polymerised

so that data on both monomer and polymer could be made availa­

ble. It was also shown in this laboratory that when both

phosphorus and bromine are present, the thermoset CN5L product

exhibited the property of ablation [18] much superior to that

of conventional phenolics. In order to understand the origin of

the ablation process, the thermal behaviour of model compounds

containing both phosphorus and bromine based on cardanol' were

required and so the monocardanyl phosphoric 1r:iti "lDd its bromo­

compound were selected for the present study. The present

chapter deals with the synthesis, characteriSation, thermal and

flammability behaviour of cardanol polymers containing both phos­

phorus and bromine.

3.2 EXPERIMENTAL

3.2.1 Materials

Cardanol was obtained by double vacuum distillation of

cashewnut shell liquid as given in chapter 2 (2.2.1). Phospho-

rus pentoxide (Merc1<, India). bromine (Merck, India).
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hexamethylene tetramine (Fluka, Switzerland), oxalic acid (Merck,

India) and formaldehyde solution (BDH Laboratories) were used

as such without further purification. Hexane was dried with

calcium chloride and then distilled.

distilled before use.

3.2.2 Measurements

Carbontetrachloride was

The transmission infra ""-0.1 spectra were recorded on Perkin-

Elmer IR spectrophotometer model 882 as neat films on NaCl

1
windows by the smear technique. H NMR spectra were recorded

on Hitachi R-24 B high resolution NMR spectrometer in CCl
4

using

TMS as internal reference. The GPC data were obtained using

Hewlett-Packard 1081 B HPLC, equipped with an automatic sample

injection system and a differential RI detector. The thermogravi-

metric studies were carried out on a Du Pant thermogravimetric

analyser model 951 in nitrogen atmosphere at a heating rate of

20
0 C min -1 with a sample we ight of 5-8 mg. The LOI data were

determined by using a Stanton Redcroft LOI equipment of model

FTA 7101. Phosphorus estimation was carried out by gravimetric

method using ammonium molybdate reagent [19}.

was analysed by Volhard I s method [19].

3.2.3 Synthesis

1. Monocardanyl phosphoric acid (MCPA)

Bromine content

MCPA was prepared by the reaction of cardanol with

phosphorus pentoxide in dry hexane as per Scheme 3.1. Cardanol
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(0.2 mol, 60 g) and dry hexane (500 ml) were taken in a IL 2-

necked flask. To the stirring solution, P20S (0.13 mol, 18 g)

was added portionwise. The reaction was continued for 6 hs at

SO-55 0 c. The pyrophosphate formed was hydrolysed with dil. Hel

to get MCPA.

he xa ne
.~

50 -55 C
6 hs

Scheme 3.1

o 0
It 11

HO-P-O-P-OH
I I
o 0

~~
H C. C15H27

2715

I hydrolysis

tdil HCl

Yield

IR (neat)

80%

-1
907 cm ,630 (vinyl)

1250 (P=O), 2930 (P-OH),

960, 1150 (P-O-C),

3020 (C-H aromatic) I

2980 (C-H aliphatic)
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0.9 (T, 3 H, CH
3)

1.2-1.4 (m, 12 H, (CH
Z)6),

1.8-2.0 (m, 4 H, allyl)

1.9 (m, 2 H, benzyl), 2.1 (m, 2 H, benzyl),

2,5-2.7 (m, 2 H, diallyl), 5.1-5.3 (m. 4 H, vinyl)

5.2 (m, 4 H, CH;CH), 6.7 (m, 4 H, Ar j ,

6.6-6.8 (m, 4 H, aryl)

Phosphorus
content 8.1%

2. Monocardanyl phosphoric acid-formaldehyde resin (MCPAF)

The polymerisation of \1CPA was carried out by reaction

wi th hexamethylenetetramine (H~TA) as shown in Scheme .~ ... \lCPA

(0.01 mol. 3.8 g) was taken in a 50 ml R.B. flask and H;"1TA

o
(0.0027 mol, 0.38 g) was added and heated at 120 C for 1 h to

get MCPAF.

o
11

HO-P-OH
I

©le: HMTA

15 27

Yield: 90\

o
11

HO-P-OH
I
o

•
120 C
1h :>

Scheme 3.2

o
11

HO-P-OH
Io
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3. Brominated derivative of MCPAF resin (BrMCPAF)

BrMCPAF was synthesised as per Scheme 3.3. MCPAF resin

(0.1 mol, 39.4 g) and CC1
4

(250 ml) were taken in alL R.B.

flask, kept in an ice bath and added bromine (0.3 mol, 48 g)

in 250 ml of CC1
4

drop wise with vigorous stirring, over a period

of 2 hs and stirring continued for 2 hs more. The solvent was

distilled off and product was d . d . t 80°C.ne in vacuum a

o
11

HO-P-OH
I
o

o
11

HO-P-OH
I
o

o
11

HO-P-OH
I
o

CCl4
• >

o c

o
11

HO-P-OH
I
o

Yield 95%
-1

IR (neat) 780 cm (C-Br)

l H NMR d2.7 {m, Ar-CH2-Arl

4.2 (m, 4 H, CHBr)

7.0 (5, 1 H, Ar)

Bromine content: 50\

Scheme 3.3
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4. Cardanol-formaldehyde Novolac resin (CF)

CF resin was prepared as reported earlier (20]. Cardanol

(0.1 mol, 30 g) , 37% aqueous formaldehyde (0.084 mol, 6.8 g)

and oxalic acid (0.00l mol, 0.13 g) were taken in a 3-necked

flask fitted with a mechanical stirrer and reflux condenser. The

reaction mixture was heated under constant stirring at 100
0

C for

o
for 4 hs Water was removed at 70 C under reduced pressure and

o
the product was dried in vacuum oven at 70 C.

5. Brominated cardanol-formaldehyde resin (BrCF)

BrCF was synthesised as per Scheme 3.'~ CF resin (0.1 mol,

31 g) and CC1
4

(250 ml) were taken in alL R. B. flask kept

in an ice bath and added bromine (0.3 mol, 48 g) in 200 ml CC1
4

dropwise over a period of 2 hs with vigorous stirring. The sti-

rring was continued for another 2 hs more and the solvent was

stripped off. The product was dried in vacuum
o

oven at 80 C.

OH OH OH OH

Br2
CClL.. ~

o C
<;5H27 Brt. ~f15

HBr
5 274

Br Br

Scheme 3.4
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Yield 95%

IR neat 780
-1

cm (C-Br)

1H NMR ef2.7 (m, Ar-CH -Ar )-2

4.2 (m. 4 H, CHBr)

7.0 (S, 1 H. Ar)

Bromine content: 56%

6. Synthesis of partially brominated MCPAF resin (PBrMCPAF)

MCPAF resin was brominated in the side chain only.

MCPAF resin (0.1 mol. 39.4 g) and CC1
4

(250 ml) were taken

in alL R.B. flask kept in an ice bath and added bromine (0.2 mol,

32 g) in 150 ml of CC1
4

dropwise over a period of 1 h with vigo­

rous stirring. The stirring was continued for 1 h more and CC1
4

was

o
distilled out. The polymer was dried in vacuum oven at 80 C.

The reaction is shown in Scheme 3.5.

Q
11

HO-P-OH
I
o

Yield

o
11

HO-P-OH
I
o

Scheme 3.5

95%

C Cl,>
•

QC

o
11

HO-P-OH
1o

o
11

HO-P-OH
I
o

Bromine content 45\
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7. Synthesis of partially brominated cardanol-formaldehyde
resin (PBrCF)

CF resin was braminated at the double bonds present in

the side chain only to get PBrCF. CF resin (0.1 mol, 31 g)

and eCl (250 ml) were taken in alL R.B. flask kept in an
4

ice bath and added bromine (0.2 mol, 32 g) in 100 ml CC1
4

drop-

wise with v igorous stirring over a period of 1 h. The stirring

was continued for another 1 h more and CC1
4

was distilled off.

The polymer was dried in vacuum oven at
o

80 C. The reaction

is she wn in Scheme _'. 'J •

+ Br
2

OH

C H
15 27

Scheme 3.6

Yield: 95%

Bromine content: 50%

3.2.4 Preparation of crosslinked polymers

1. CF and PBrCF

Curing was effected by heating with 10% HMT A. CF resin



(0.01 mol, 3.1 g)

well in petri dish

-':'110-

and HMTA (10 weight \, 0.3 g)

o
and heated at 130 C for 2 hs.

were mixed

PBrCF also

was crosslinked to thermoset product by similar procedure.

2. MCPAF and PBrMCPAF

MCPAF and PBrMCPAF could not be cured when heated

with HMTA or paraformaldehyde. However, crosslinked products

could be obtained when heated with HMTA in presence of amines

such as paraphenylenediamine or melamine. MCPAF (0.01 mol,

3.9 g}, HMTA (10 weight %t 0.39 g) and paraphenylenediamine

(1 weight %. 0.039 g) were mixed thoroughly in a petridish

o
and heated at 130 C for 2 hs. PBrMCPAF also was crosslinked

to a thermoset product by similar procedure.

3. 3 RESULTS AND DISCUSSION

3.3.1 Synthesis

Earlier attempts to prepare phosphorylated cardanol by

direct r-eact ion w i th orthophosphoric acid always resulted in the

forma tion of oligomeric species due to simul taneous pal y merisation

through the unsaturation in the side chain [17]. The preparation

of the monomer in the pure form was achieved in the present

case by using P 2 05 in anhydrous conditions when protonation of

the side chain was not favoured. The MCPA obtained had a mole-

cular weight of 381 which was quite in agreement with the theore-

tical value 380. The IR absorption frequencies are given

along with Scheme 3.1. The IR spectrum of MCPA exhibited P=O



and P-OH peaks at 1250 and

-111-

-1
2930 cm respectively. The terminal

-1 -1
vinyl group at 907 cm and also the vinyl peak at 630 cm remai-

ned unaffected whereas they had completely vanished in the case

of phosphorylated oligomer. The 1H ~~.IR chemical shift values a re

given along wi th Scheme 3.1.The ~ WvIRspectrum of MCPA registered

the unsaturated protons at er 5.2.

Polymerisation of \'tePA was carried out by condensation

with HMTA. Condensation was carried out to the extent to get

only soluble oligomers. The Mn value of the oligomer is 1750

and polydispersity is 2.7 (Table 3.1). Unlike the phenol-formal-

dehyde (21) and cardanol-formaldehyde [20] novo lac systems,

MCPAF could not be cured to insoluble and infusible crosslinked

polymers, when reacted with HMTA or paraformaldehyde or any

other similar aldehydes. However, curing could be initiated and

crosslinked products obtained in the presence of amines (1%) such

as paraphenylenediamine, melamine etc.

Bromination of CF and MCPAF was carried out till five

bromine atoms were introduced. Thus BrCF and BrMCPAF have

bromine contents 56% and 51% respectively. As the unsaturation

of the aliphatic side chain of cardanol is about two [15], four

bromine atoms could have been introduced into the side chain

[22.23] and one bromine to ortho or para position of the aromatic

ring. The 1H NMR spectra of the brominated regions did not

show any unsaturated protons at d 5.2 and showed a new peak

at cf 4.2 (CHBr protons) and as expected the aromatic protons



were short by one.
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BrCF and BrMCPAF also did not undergo

further polymerisation and crosslinking to a thermoset product

and therefore used as such for thermal and LOI studies. LOI

measurements for these linear resins were done using a modified

method reported by Annakutty et al for powders and viscous

resins [24]. However, crosslinked products were obtained by

partial bromination of CF and ~CPAF through the side chain,

which were then cured with HMTA (in presence of paraphenylene-

diamine for PBrMCPAF).

3.3.2 Thermal and flammability studies

The TGA of CF resin in air was first reported by 0 I Canner

and Slum (25] who showed that the stability of substituted

phenols decreases as the length of the side chain increases.

La ter Manjula et al [26] studied the thermal decomposi tion of

CF in comparison to PF and showed that CF resin decompose at

a faster rate. The present study compares the thermal behaviour

of CF with MCPAF, BrMCPAF and BrCF. The effect of phosphorus

and bromine on the thermal behaviour of both linear and cured

polymers was investigated. Figures 3.1 and 3.2 8ive the TGA

of linear and cured polymers respectively. The parameters

studied are the temperatures corresponding to initial

decomposiition (T i), 50% weight loss (T 1/2 and char yield at

o
600 C (CyJ and are given in Table 3.2. As could be expected

of fully cured phenottcs, all cured polymers gave higher T. and
1

T
1/2

values and correspondingly higher Cy and LQI values in
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comparison to those of the linear polymers. It can be seen that

both linear and cured systems follow the same trend. The MCPAF

resins have lower T. values than CF resins.
1

The T1/2 values

are more or less the same or slightly higher than that of CF

resins.
o

Thus Ti value has decreased from 220 C of CF to
o

160 C for MCPAF for linear polymers. For cured systems Ti

decreased from 270
0

C of CF to 250
0

C of MCPAF. The T values
1/2

o 0
are 450 C and 480 C for linear and cured MCPAF resins, respec-

tively , and those for CFare 415
0

C and 480
0

C for 1inear I and

cured polymers. The char yields are higher for the MCPAF

polymers. Thus Cy values have increased from 1 (linear) and

11 (cured) of CF resins to 20 (linear) and 21 (cured) of MCPAF

resin. This indicates that the stability of MCPAF improves over

o
that of CF above 500 C as could be seen from figures 3.1 and

3.2. Vertical burning studies carried out as per UL-94 did not

give any propagation of flame and no afterglow. The LOI values

have increased from 18 and 19 of CF resins to 24 and 27 of

MCPAF resins for the linear and cured polymers respectively.

This can be understood from the contribution of phosphorus in

the system. It is generally believed [ 27 ,28] that phosphorus

decreases the temperature of pyrolysis," retard carbonisation of

polymers and increase pyrolysis residue. Annakutty and Kishore

[24] studied the thermal behaviour of a series of polypnosphates

and arrived at the conclusion" that there exists a relationship

between thermal stability, LOI and phosphorus content in the case

of polyphosphate esters. Unfortunately. the present data on
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MCPAF did not fit in well with their equation [24] correlating

these parameters. The significance of the effect of structure

on thermal stability and flammability is thus apparent here as

cardanol polymer differs in structure from phenolics in having

a labile aliphatic side chain. The low char yield of cured CF

(11%) and MCPAF (21%) in comparison to that (60%) of phenolics

is thus a direct effect of structure on thermal stability.

As phosphorus flame retardants are well known to act

in the condensed phase mechanism [28], the increase in char for

MCPAF indicates possible formation of acidic decomposition

products in the earlier stages. When MCPAF was complexed with

+2
a metal ion such as Ba the resultant product exhibited consi-

derably reduced flame retardancy (as is expected for metallated

phosphates [29]) supporting the assumption that the non-metallated

flame retardant might be functioning through the early release

of acidic fragments. The initial generation thermally of an acid

component such as phosphoric acid from the flame retardant alters

the pyrolytic decomposition of the polymer in the condensed phase

so that the decomposition products are changed from combustible

intermediates and flammable gases to thermally stable char and

non-flammable gaseous products [30).

Figures 3.1 and 3.2 and Table 3.2 show that bromination

of CF and MCPAF brings down considerably both Ti and T1/2

values. In the case of CF resins. Ti decreased from 220 to 210

for linear polymer and from 270 to 220 for cured system. For
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MCPAF resins, T. decreased from 160 to 130 for linear and from
1

250 to 200 for cured system. values have decreased from

415 to 320 for linear CF and from 480 to 425 for cured polymer

whereas for linear ~lCPAF T1/2 reduced from 450 to 280 and for

cured polymer from 480 to 430. But it should be noted that the

Cl' values of both BrCF and BrMCPAF have increased considerably,

that is from 1 to 6.6 for linear BrCF and 11 to 18 for cured

BrCF whereas from 20 to 21 for linear Br7vlCPAF and 21 to 27

for cured BrMCPAF . This gives rise to the suspicion that

although halogen flame retardants are well known to act in the

gas, phase mechanism l30L bromine in BrMCPAF and BrCF might

contribute to condensed phase mechanism as welL The lower

values of T.
1

for BrMCPAF in comparison to ~lCPAF

could be attributed to the presence of phosphate in Br~1CPAF

which being acidic might initiate earlier decomposition and libera-

tion of HBr which is known to be a free radical generator and

promoter of low temperature decomposition l30, 31] . Experiments

have shown that copious amounts of HBr are liberated just above

the T. value.
1

The high LOl value of BrCF (52 for linear and

45 for cured) and BrMCPAF (62 for linear and 49 for cured) can

be understood on this basis. Brominated flame retardants are

known to release volatile species which interfere with the free

radical chain branching reactions to remove high energy OH and
.

H radicals and inhibit the combustion process [32]. The compari-

son of LOI value of CF and MCPAF with those of BrCF and

BrMCPAF does not indicate any synergism between phosphorus and
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bromine nor any additive effect. However, there is a positive

effect as could be inferred from the higher values of 62 and 49

for BrMCPAF polymers in comparison to 52 and 45 of BrCF

polymers. This probably indicates that phosphorus and bromine

act mostly independently

bromine in the gaseous phase.

phosphorus in condensed phase and

The presence of the side chain as a pendant group in

the polymer is expected to influence the thermal stability and

flammability of BrMCPAF also. This could be inferred from the

decomposition pattern of CF itself. In CF, the degradation of

the side chain is expected to occur at a relatively low tempera­

ture due to the facile h -cleavage at the double bonds [26] in

o
comparison to that of PF resins [21] (T1/2 above 800 Cl. The

incorporation of bromine to the side chain might still reduce the

Ti and T1/2 values, as aliphatic bromine is known to be

thermally unstable in comparison to aromatic bromine [33]. More-

over as discussed earlier the acidic phosphate might initiate

decomposition for early liberation of HBr at lower temperature

Peciorek et al [34] and later Day et al [35] have in

their studies on thermal behaviour of tris( 2, 3-dibromoalkyl) phos-

phates postulated dehydrobromination as the first step followed

by liberation of phosphoric acid as subsequent steps in its

decomposition which also agrees with the present observations.

Further information on the thermal behaviour of these

polymers were obtained from activation energies calculated by
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the method of Freeman and Carroll [36] as modified by Anderson

and Freeman [37] and the results are given in Table 3.3. The

activation energies of CF linear is 27.5 kCaljmol and CF cured

is 29.0 kCaljmol whereas those of MCPAF linear is 20 kCaljmol

and MCPAF cured is 27.5 kCaljmol. For the brominated polymers

the values are higher. For BrCF it is 41 kCaljmol for linear

and 37.0 kCal/mol for cured polymer. One can note a definite

trend in the decomposition pattern of these compounds as the low

values of CF and MCPAF in the range of 20-30 kCal/mol indicate

an ionic decomposition mechanism [26]. Manjula et al [26] have

also earlier proposed an ionic decomposition mechanism for CF

based on application of Coats-Redfern equation to the system

assuming the order parameter to be n = 1. However, the higher

value of activation energies in the range of 35-45 kCal/mol for

the brominated products possibly suggest a free radical process.

The copious liberation of HBr and the high LOI values (62 and

49) of BrMCPAF thus support a vapour phase mechanism similar

to the well known free radical trap theory [30] of halogen flame

retardation. However, the increase in char yield from 21% of

cured MCPAF to 27% of cured BrMCPAF might suggest as indicated

earlier possible involvement of bromine in condensed phase mecha­

nisms as well. It might as well be said that the increase in

char yield from 21 of cured MCPAF to 27% of cured BrMCPAF could

be due to the positive effect of combined action of phosphorus

and bromine in the condensed phase.
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Table 3.1: GPG results of modified cardanol polymers

S.No.

1

2

3

4

Sample

MCPAF

GF

BrCF

BrMCPAF

Mn

1750

1550

1900

2200

Mw

4700

3050

3990

5720

MwD =

2.7

1.98

2.1

2.6

Mw
Mn
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Table 3.2: TGA and LOI results of modified
car-danol polymers

S.No. Sample T.
1

C at
y

600~

LOI

1 MCPAF linear 160 450 20 24

2 MCPAF cured 250 480 21 27

3 CF linear 220 415 1 18

4 CF cured 270 480 11 19

5 BrMCPAF linear 130 280 21 62

6 BrMCPAF cured 200 430 27 49

7 BrCF linear 210 320 6.6 52

8 BrCF cured 220 425 18 45
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Table 3.3: Kinetics of thermal decomposition of
modified cardanol polymers

S.No. Sample E n

1 MC PAF linear 20.13 0.90

2 MCPAF cured 27.5 0.80

3 CF linear 27.5 0.90

4 CF cured 29.0 0.85

5 BrMCPAF linear 44.4 0.90

6 BrMCPAF cured 37.0 0.95

7 BrCF linear 41.4 0.80

8 BrCF cured 42.0 0.95
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CHAPTER 4

SYNTHESIS. CHARACTERIZATION AND THERMAL STUDIES OF
CHEMICALLY MODIFIED PHENOLIC POLYMERS

4.1 INTRODUCTION

Phenol-formaldehyde (PF) resins are usually classified

among high performance polymers because of their high tempera-

ture resistance, high char yield and moderate flame resistance

[1-5] . They are characterized by excellent ablative properties

and structural integrity at high temperature and therefore have

found wide application in many areas [4,5]. It is a unique class

of materials [1,6] whose production and developmental work have

been steadily increasing with continued interest sustained by

active research over the past eight decades. The interest in

and consequent growth of PF resins began with the early work

of Van Bayer [7] and the historic heat and pressure patents of

Bakeland [8,9] followed by a series of inventions [10-12]. PF

resins even today continue to be an active field both academically

and industrially. Academic interest is centered around (1) impro-

vement in its properties by way of chemical and structural modifi-

cations [13-17], (2) studies related to mechanistic understanding

of the curing of phenolics [18-20] , and (3) the mechanism

involved in the decomposition of phenolics [21-26].

Chemical modification of phenolic resins have been

undertaken to improve their thermal behaviour. The methods
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generally used to improve the thermooxidative resistance of

phenolic resins include (a) etherification or esterification of

phenolic hydroxyl group, (b) complex formation with polyvalent

elements, and (c) replacement of methylene linking group by

heteroatoms [1]. The esterification of phenol-novolak resins with

inorganic polybasic acids such as phosphoric acid and boric acid

or the reaction of phosphorus oxyhalides are of particular interest

in increasing the heat and flame resistance of phenolic resins

[1] . Dannels et al [15] reported the preparation of phosphate

ester derivatives of orthonovo1aks by treating novo1ak resin with

phosphorus pentoxide whereas Shibazaki et al [27] used POCI 3 for

preparing the phosphoric ester. Crosslinkab1e thermoplastic

esters of phenolic resins containing phosphorus, aresentc or

antimony were prepared by Shepard et al [28-30]. Incorporation

of PF with p-bromophenol and tricresyl phosphate was done to

make paper flame resistant. PF resins containing halides of phos­

phorus, sulpnur , boron, titanium and silicon were made to prepare

fire resistant fibres. The reaction of poly functional compounds

with PF resins is often found to lead to gelation [31] and conse­

quently only low amounts of the active element could be incorpo­

rated. The reaction was found to be dependent on the nature

of the PF resin [14,15,31]. Thus with random novolak units

molecular crosslinking takes place as shown in Fig. 4.1.
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~CH2
OH 0 OH

I
R-X-R

I
OH 0 OH

@-CHrtQrC~
Fig. 4.1

whereas with orthonovolaks, an ;'"'trC'~olecular etherification esteri-

fication is preferred leading to 8-membered rings as shown in

Fig. 4.2.,

Fig. 4.2

These problems of gelation and structural differences could

be overcome if chemical modification is effected at the monomer

level and then polymerised to get the required product. This
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chapter deals with the synthesis and cnarcctortzatton of phenolics

containing phosphorus and bromine introduced at the monomer stage

by well known reaction scheme.

4.2

4.2.1

EXPERIMENTAL

Materials

Phenol was purchased from NICE. India and was distilled

under reduced pressure. Phosphorus oxy chloride (5. D. Fine

Chem.. India) was distilled before use. Bromine (Merck, India) t

hexamethylenetetramine (Fluka t Switzerland) , formaldehyde (BDH

Laboratories) and oxalic acid ..LMerck, India) were used as such

without further purification. Toluene and tetrahydrofuran were

dried by refluxing with sodium, distilling and then kept over

sodium wire.

4.2.2 Measurements

The infrared spectra were recorded on a Perkin-Elmer

IR spectrophotometer model 882. 1H NMR spectra were recorded

on Hitachi R-24 B high resolution NMR spectrometer in CDC1
3

using

TMS as internal reference. 31 P NMR spectra was recorded on

a JEOL FX-90 Q FT spectrometer. The GPC data were obtained

using Hewlet - Packard 10B1 B HPLC, equipped with an automatic

sample injection system and a differential RI detector. The

thermograv im etric studies were carried out on a Dupont

thermogravimetric analyser model 951 in nitrogen and air
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atmospheres at a heating rate of 20
0 . -1mIn with a sample weight

of 5-10 mg, The LOI data were determined by using a Stanton

Red Croft LOI equipment of model FTA-7101. Phosphorus estima-

tion was carried out using ammonium molybdate reagent [32] and

bromine content was determined by Volrvar-d I s method [32].

4.2.3

1.

Synthesis

Phenol-formaldehyde Novolak resin (PF)

PF resin was prepared as reported elsewhere [1]. Phenol

(0.1 mol, 9.4 g), 37% aqueous formaldehyde (0.084 mol, 6.8 g)

and oxalic acid (0.001 mol, 0.13 g) were taken in a 250 ml 3-

necked flask fitted with a mechanical stirrer and reflux condenser

o
The reaction mixture was heated under constant stirring at 100 C

for 4 hs.

in vacuum

Water was distilled off and the product was dried

o
at 70 C.

2. Monophenyl phosphoric acid-formaldehyde resin (MPPAF)

Monophenyl phosphoric acid (MPPA) was prepared as

reported elsewhere [33,34]. Phenol (0.2 mol, 18.8 g ] in dry

toluene (100 ml) was added drop wise to a refluxing solution of

a mixture of POCl3 (0.24 mol, 36.8 g) and anhydrous AlC1
3

(1 mol%,

a.27 g). The reaction was continued for 3 hs. The AICI
3

was

filtered off and the excess POCI
3

and toluene were distilled out

to get phenyl phosphorodichloridate. The dichloridate was hydro-

lysed with excess cold water to get monophenyl phosphoric acid

(MPPA) .
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MPPAF was prepared by the reaction of MPPA with hexa-

methylene tetramine (HMTA) as shown in Scheme 4.1. MPPA (0.1 mol.

18.8 g) and HMTA (10 wt %. 1.88 g) were mixed well in a 100 ml

o
R. B. flask and heated at 120 C

o

MPPAF.

°IJ
HO-P-OH

I
hYdrOIYSiS@O

>

for 1 h to get

~
Cl-P-C\

I
o

>@Poel3+

OH

@

o 0
11 11

HO-l-OHHO-~-OH

~~2 0

Scheme 4.1

Yield 90%

IR (neat) 960. 1190
-1

(P-O-C) stretchingcm

1250
-1

(P=O)cm

1600 -1
(C=C aromatic)cm

2950
-1

(P-OH)cm
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l H NMR

31
P NMR

2980 cm-1 (CH aliphatic)

3050
-1

(CH aromatic)cm

0 3.8 (m, Ar-CH2 -Ar)

7.0 (m, Ar protons)

s -6.0

Phosphorus
content 16.5%

3. Brominated phenol formaldehyde resin (BrPF)

Phenol-formaldehyde novolak resin was brominated to get

BrPF as shown in Scheme 4.2. PF (0.1 mol, 10.4 g) and CC1
4

(50 ml) were taken in a 500 ml R. B. flask kept in an ice bath

and added bromine (0.1 mol, 16 g) in 50 ml CCl
4

drop wise with

vigorous stirring. The CC1
4

was distilled out and the product

o
dried in vacuum at 80 C.

OH OH OH OH

y§rCH2 BrZ n
• >

CC~, 0 C

Br Br

Scheme 4.2
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Yield

IR (neat)

Bromine content

95%

740
-1

(C-Br) stretchingcm

1600
-1

(C;;C aromatic) stretchingcm

2980
-1

cm (C-H aliphatic) stretching

-1
3050 cm (C-H aromatic) stretching

3500
-1

(C-OH) stretchingcm

& 3.8 (m, Ar-CH -Ar)
-2

5.1 (S, OH)

7.2 (m, Ar nrotons )

43%

4. (2.4, 6-tribromo )phenyl phosphoric acid-formaldehyde resin
(BrMPPAF)

Monophenylphosphoric acid (MPPA) was brominated using

bromine in CCl
4

to get 2,4. 6-tribromophenyl phosphoric acid.

MPPA (0.1 mol, 17.4 g) and CCl
4

(lOO ml) were taken in a 500 ml

R. B. flask kept in an ice bath and added bromine (0.3 mol, 48 g)

in 150 ml CC1
4

drop wise with vigorous stirring. The product

was stripped off from CC1
4

and dried in vacuum at 80
0

C.

BrMPPA was polymerised with HMTA through the meta

positions (possibly because of the activation of the meta positions

by the electronegative bromine) of the phenolic ring. BrMPPA

(0.01 mol, 4.1 g) was mixed with HMTA (10 weight Ili, 0.41 g)

o
in a 100 ml R. B. flask and heated at 130-140 C for 2 hs to get

BrMPPAF and is shown in Scheme 4.3.
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o
11

HO-P-OH
Io

Br

Br

HMTA
>

•130 -140 C
2h
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Scheme 4.3'

80%

-1
780 cm (C-Br) stretching

-1
950, 1160 cm (P-O-C) stretching

1250 cm-1 (P=O) stretching

1610 cm-1 (C=C aromatic) stretching

2960 cm-1 (P-OH)

2980 cm-1 (CH aliphatic)
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S 3.8 (S, Ar-CHZ-Ar)

~ -15.3

7.3%

56.7%

5. Phosphorylated phenol-formaldehyde resin (PPF)

Phenol-formaldehyde resin was phosphorylated with POCl
3

in

dry THF to get PPF as shown in Scheme 4.4. PF (0.1 mol, 10.6 g)

in dry THF (50 ml) was added dropwise to a refluxing solution

of a mixture of POCl
3

(0.12 mol, 18.9 g) and anhydrous AIC1
3{lmol%,

0.27 g). The reaction was continued for a hs. The Ale 1
3

was

filtered off and the excess POCl a and THF were distilled out

to get the dichloridate. It was hydrolysed with excess cold

water to get the phosphoric acid of PF resin.

o
I1

Cl-p-Ct
I

o
11

HO-P-OH
Io

OH OH

in THF

Scheme 4.4

o
11

Cl-p-Cl
I
o 0

1§rCH~

~Hydrolysi 5

o
11

HO-P-OH
I
o

CH2'@1n
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90%

-1
960, 1190 cm (P-O-C) stretching

-1
1250 cm ( P:::;O)

-1
1600 cm (C:::;C aromatic)

2950

2980

3050

-1
cm (P-OH)

cm-
1

(C-H aliphatic)

-1
cm (C-OH)

H NMR

Phosphorus content

0 3.8 (m, Ar-CH -AI')
-2

5.1 (5, OH)

7.0 (m, AI' protons)

[;, -6.2

15%

4.3

4.3.1

R&<3ULTS AND DISCUSSION

Synthesis

Modified phenolic resins containing phosphorus and

bromine in the main structure were synthesised. The monophenyl

phosphoric acid-formaldehyde (MPPAF) was prepared by the reac-

tion of phenol with POC1
3

in dry toluene and then polymerisation

with HMTA. Both linear and crosslinked products were prepared.

The soluble and fusible resins (linear resins) were used to chara-

cterize the polymers by IR and NMR spectroscopy and GPC. The

IR spectrum exhibited the characteristic phosphoric acid ester



groups at 2950
-1cm (P-OH),
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1250
-1cm (P=O) I 960

-1cm and

-1
1190 cm (P-O-C) stretching vibrations. The 1 H NMR spectrum

showed peaks at 0' 3.8 corresponding to the Ar-CH
2

-Ar protons

and at S 7.0, for the aromatic protons. 31 P NMR exhibited a

sharp peak at (; -6.0 for the phosphorus present in the polymer.

Brominated PF novolak resin was prepared by the bromi-

nation of PF through the ortho/para position available after poly-

rnerisadon. The IR spectrum of BrPF exhibited the characteristic

C-Br peak at 740 cm-
1

The "1 H NMR spectrum showed peaks

at r 3.8 for the -CH
2

- protons and at b 7.2 for the aromatic

protons. The bromine content (43%) was found to be in accordance

with the structure given in Scheme 4.2.

2. 4, 6-tribromophenylphosphoric acid was prepared by

the bromination of MPPA. The tribromophenylphosphoric acid

has no ortho/para position available for formaldehyde condensa-

tion. But surprisingly, BrMPPA on heating with HMTA resulted

in a linear resin soluble in all common solvents. The occurrence

-1
of the vibrations at 2980 cm which is due to CH aliphatic stret-

ching and the presence of two singlet protons (Ar-CH
2

-Ar) at

" 3.8 in the 1 H NMR show that the formaldehyde condensation

has taken place to give the phenolic resin. The high electronega-

t iv i tv of the three bromine atoms might have activated the meta

hydrogens to undergo the reaction. This could be interesting

as generally meta positions are known to be inactive for

formaldehyde condensation [1]. The brown coloured viscous tacky
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resin was dissolved in chloroform, precipitated from hexane and

d . d . at 80 0 C.r're In vacuum Pale brown coloured fluffy powder

was obtained. The polymer showed an Mn value of 7000, which

is quite high for a novolak type resin. The polymer was found

for C-Br vibration.

for P-O-C, P = 0 and P-OH stretching

. 1 d 780 cm-1
respective y an atvibrations

to be soluble in chloroform, acetone, tetrahydrofuran etc. The

-1
IR spectrum of the polymer exhibited peaks at 950 and 1160 cm ,

-1 -1
1250 cm and 2960 cm

The 1 H NMR spectrum showed only one peak Le. at <5 3.8 cor-res-

ponding to the -CH
2

- protons of the methylene bridge between

the repeating units. The 3~ NMR spectrum of the polymer indi-

cated a sharp peak at 6 -15.3 for the phosphorus present

in the molecule. BrMPPAF could not be crosslinked to a

thermoset product as it has got no site available for reacting

with formaldehyde. This also gives another proof for its linear

structure. The phosphorus content (7.3%) and bromine content

(56.7%) agree with the theoretical values as calculated based on

the structure given in Scheme 4.3.

To have a comparative study, the phosphorylated phenol

formaldehyde (PPF) resin was synthesised by reaction of PF

novolak resin with POCl
3

in dry THF using AICl
3

as catalyst.

Eventhough the reaction was carried out with molar excess of

POCl a only 90% of the hydroxyl groups were phosphorylated.

Hence the IR spectrum of PPF exhibited the characteristic phospho­

ric acid ester groups at 960 and 1190 cm-1 (P-O-C), 1250 cm1 (P=O)
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-1 -1
and 2950 cm (P-OH) as well as the C-OH group at 3500 cm

( for the unreacted hydroxyl groups of PF resin). The \i NMR

spectrum also indicated the -CH
2

- protons at 0 3.8, C-OH protons

at <5 5.1 and aroma tic protons at [; 7.0. The 31 P NMR

exhibited a singlet at er -6.2 for the phosphorus present in the

polymer.

PF, MPPAF and PPF were crosslinked to thermoset

products with HMTA. The curing reaction was carried out at high

o
temperatures (140-150 Cl using 5-10% HMTA. The cured products

were extracted with acetone to remove any unreacted HMT A as

well as any linear resin present. The products were again dried

in vacuum at 70-80 0 C for long time. These materials were used

along with the linear resins for TGA and LOI studies.

Table 4.1 gives the molecular weights of the linear resins.

Mn values are in the range 1500-1700 for the linear resins except

for BrMPPAF. Polydispersities are in the range 2-3.4. In the

case of BrMPPAF, the Mn

is only 1. 35.

value is quite high (7000) and D

4.3.2 Thermal and flammability studies

In the present study phenolic resins were modtf'ied with

P and Br, the modification made at the monomer stage so that

a high loading of the flame retardant element is incorporated and

the problem of gelation is overcome. Thus the present study

compares the thermal and flammability behaviour of PF, MPPAF,



-140-

PPF resins and their cured products and BrPF and BrMPPAF.

The effect of phosphorus and bromine separately and together

on the thermal and flammability behaviour of these polymers was

also investigated. Thermal stabilities in NZ as well as in air

atmospheres were determined so as to study their thermooxidative

resistance. The thermogravimetric traces of the polymers are

given in Figs.4 .3-4.6. The thermal stabilities of the polymers are

given in Table 4.2. The parameters studied are the temperature

corresponding to 10% weight loss (T
10

1 . I temperature correspon­

ding to 50% weight loss (T 50) and the char yield at 600
0

C (C
y

) '

Comparison of these values shows that among the linear resi ns ,

MPPAF exhibits an overall higher thermal stability than that of

PF in nitrogen atmosphere. Eventhough the T10 value

lower for MPPAF (ZOSoC) than for PF (2Z0oC), the

values have increased
o

from 440 C and 39% for PF

and C
Y

(43) values are higher for MPPAF. The

is slightly

T 50 (480)

T
SO

and Cy

to 480
0

C and

43% respectively for MPPAF. When the experiment was conducted

in air, the thermal stability of MPPAF was found to register a

0
steep rise. Thus, Ti O and C values have increased from 140 C

Y

3Z% for PF to 275
0

C and 51% for MPPAF. In the case of cured

systems. although the T10 values are lower both in NZ and air

for MPPAF (220
0C

and 320°C respectively) than that for PF (410
0

C

and 440
0

C respectively). the char yield (66%) is higher in air

for MPPAF than that for PF (52).
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The higher values of char yield and T10 and T50 of

the phosphorus modified resin in air than those in NZ agree well

with those reported by Shibazaki et al [Z7] and are indicative

of enhancement of thermooxidative resistance introduced into

phenolic resins when modified with phosphorus. Similar results

have been reported by Tugetepe et al [35] also for heavy metal

modified phenolic resins.

From Table 4.2 it can be seen that thermal stability of

BrPF is lower than the unbrominated linear resin. Thus BrPF

has a T
10

o
value of 185 C, T50 value of 370

0
C and char yield

of 30%. in nitrogen atmosphere. values are

still lower in air i .e . o
T 50 ·100 C

The T
SO

and

and char yield 2%. Thus,

bromination of PF lowers its thermal stability and thermooxidative

resistance. BrMPPAF has higher T10 and T50 values in air than

in nitrogen. The BrMPPAF gives T10

T50 values of 330 and 345
0

C in N2

values of 210 and 230 and

and air respectively. The

lowering of the thermal stabilities of BrPF and BrMPPAF could

be attributed to further oxidation by HBr which ts known to be

promoter of low temperature combustion [36,37].

From Table 4. Z it can be seen that the P-PF resins

prepared by the phosphorylation of the linear PF resins are

thermally less stable than the MPPAF resins. This could be

understood on the basis of the lower phosphorus content of

P-PF resins than that of MPPAF resins. As expected the cured

PPF is thermally stabler than the linear one. Thus linear
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PPF shows T
10

value of 200 and T
50

value of 475
0

C in NZ

whereas the cured polymer has a T
10

of 300
0C.

The 10

values are lower in air for both linear and cured systems. P-PF

linear has got a T10 value of 170 only whereas P-PF cured has

got a T10 value of 210. The linear resin has got higher T50

(530) and Cy values (42) in air than those (T 50 475 and C 41)
Y

in NZ' The char yield of the cured system also showed an

These results indicateincrease in air (58) than in N
2

(57) .

that PPF resins exhibit higher thermooxidative resistance at high

temperature.

The limiting oxygen index value of all the polymers are

given in Table 4.3. It can be seen that the LOI values increase

with phosphorus content in general. The PF linear resin has

LOI value of 25 which on phosphorylation increases to 33.

Similar is the case with the cured resin also. Thus cured PF

shows an LOI value of 35 and cured MPPAF has got an LOI value

of 50. The introduction of phosphorus into PF has thus raised

its thermal stability, char content and LOI values. Phosphorus

as flame retardant is well known to act in the condensed phase

in the case of oxygenated polymers and the present data also

support this mechanism operating in MPPAF [36.38]. On the other

hand the high values of LO! for BrPF (48) and BrMPPAF (56)

with low char contents (2% and 26% respectively) suggest a

vapour phase mechanism. Brominated flame retardants are known

to release volatile species which interfere with the free radical
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chain branching reactions to remove high energy OH and H radicals

and inhibit the combustion process [39]. The PPF resins have

LOI values of 30 and 46 which are lower than the MPPAF resins

and can be due to their low phosphorus contents.

Further information on the thermal behaviour of these

polymers were obtained from activation energies calculated by

the method of Freeman and Anderson [40) as modified by Freeman

and Carroll [41] and the results are given in Table 4.3. The

cured systems are having higher E values than the linear resins

and can be due to their increased thermal stability. BrPF and

BrMPPAF have higher E values. This might be understood

from the free radical type of decomposition of the brominated

compounds. Fractional orders in the range of 0.7 to 0.90. were

obtairied for the decomposition reactions.
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Table 4.1: GPC data of the modified phenolic polymers

S.No.

1

2

3

4

Sarnnle

PF

MPPAF

BrMPPAF

BrPF

-
Mn

1520

1700

7000

1600

Mw

5120

3570

9440

5280

MWD

3.36

2.1

1. 35

3.30

Mw

Mn
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Table 4.2: Thermal stabilities of the modified
phenolic polymers

Thermal stabilities in

S.No. Sample
Nz Air

T
l 0

T
50

C at T
10

T
50

C at
y y

600°C 600°C

1 PF ( linear) 220 440 39 140 515 32

2 PF (cured) 410 62 440 52

3 MPPAF ( linear) 205 480 43 275 51

4 MPPAF (cured) 220 58 320 66

5 BrPF (linear) 185 370 30 170 400 2

6 BrMPPAF (linear) 210 330 31 230 345 26

7 P-PF ( linear) 200 475 41 170 530 42

8 P-PF (cured) 300 57 210 58
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Table 4.3: Thermal decomposition kinetics (in N
2

) and LOI
data of the modified phenolic polyme-rs

S.No. Sample E n LOI

1 PF ( linear) 22 0.80 25

2 ~F (cured) 36 0.80 35

3 MPPAF (linear) 25 0.80 33

4 MPPAF (cured) 33 0.80 50

5 BrPF 33 0.90 48

6 BrMPPAF 38 0.70 56

7 P-PF (linear) 24 0.85 30

8 P-PF (cured) 32 0.90 46
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CHAPTER 5

SYNTHESIS, CHARACTERIZATION AND THERMAL STUDIES OF
CARDANOL BASED POLYPHOSPHATE ESTERS

5.1 INTRODUCTION

Phosphorus-containing polymers have received considerable

attention in the recent past owing to their effectiveness as flame

retardants [1-15]. These polymers have several advantages over

the halogen-containing ones such as higher thermal and photo stabi-

Hties and mechanical properties [2]. Moreover, relatively small

amounts of phosphorus make a polymer sufficiently flame retardant

compared to the high add-on levels of halogenated compounds [12] .

The polyphosphate esters are an important class of phosphorus-

containing polymers. In addition to their flame retardant chara-

cteristics as in the case of other organophosphorus polymers,

they also possess plasticizing properties [ 16] . Some attention

has recently been drawn on polyphosphates , mainly as polymeric

flame retardant additives to other polymers. The polymeric addi-

tives are preferred to conventional non-polymeric ones owing to

their 'bet ter resistance to extraction, migration, volatile loss

etc. and thus making the flame retardancy available permanently

[17,18].

The most important method for the synthesis of polyphos-

phates is the esterification of alkyl or aryl phosphorodichloridates

with diols or dihydric phenols. The polymerisation is usually
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carried out by melt, solution or interfacial polycondensation.

Melt polycondensation is carried out by heating the reactants in

the absence of any solvent [19-21] . Solution polycondensation

has mostly been carried out in the presence of bases like

pyri.rii.T18. triethylamine etc. and in solvents like ether, benzene,

toluene [22.23] etc. Zenftman et al [24.25] have reported the

synthesis of aromatic polyphosphates which were found to be useful

as adhesive or coating with good flexibility and Coover et al

[26.27] synthesised polyphosphates which can be drawn into flame

retardant fibres. However. reports on the synthesis of polyphos­

phates by interfacial polymerisation are limited. Rabek and Prot

[28] have used this method for the preparation of polyphosphates

whereas Frank and Carraher [29] have extensively studied the

synthesis of polyphosphonates by interfacial polymerisation.

Kishore et al [30-33] have reported the synthesis of

polyphosphates by both solution and interfacial polycondensation.

The present chapter describes the synthesis of a series of poly­

phosphate esters based on phosphorodichloridates of 3-pentade­

cylphenol and brominated cardanol with dihydric phenols such

as hydroquinone , btsphenol , tetrabromobisphenol and phenolphtha­

lein by an interfacial polycondensation using a phase transfer

catalyst. The spectroscopic as well as the thermal characteriza­

tion of these polymers were studied.
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EXPERIMENTAL

Materials

Cardanol (37330-39-5) was obtained by double vacuum

distillation of cashew nut shell liquid (CNSL-8007-24-7) at 3-4 mm

Hg , as given in chapter 2 (2.2.1) at 230-235
0

C. Cardanol was

hydrogenated in a Parr medium hydrogenator in methanol using

platinum oxide as catalyst to give 3-pentadecylphenol [34]. POC1
3

was purchased from S. D. Fine Chem., India, and distilled before

use. The dihydric phenols such as hydroquinone, bisphenol and

phenolphthalein were purchased from Merck India and recrysta-

llised from petroleum ether. Aliquat 336 was obtained from

Fluka , Switzerland and was used as such. Anhydrous AlC1
3

and

sodium hydroxide were purchased from E. Merck, India, and were

used as such without further purification. r.exane and chloroform

were dried with calcium chloride and then distilled.

5.2.2 Measurements

The transmission infrared spectra were recorded on Perkin

Elmer IR spectrophotometer Model

windows by the smear techniques.

882 as neat films on NaCl

1
H NMR spectra were recorded

on Hitachi R-24 B high-resolution NMR spectrometer in CDC1
3

using

. 13 31
TMS as Internal reference. C and P NMR spectra were taken

on a JEOL FX-90 Q FT spectrometer . The GPC data were obtained

. using Bewlet -Packard 1081 B HPLC 1 equipped with an automatic

sample injection system and a differential RI detector. THF
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(HPLC grade) was used as the eluent. The thermogravimetric

studies were carried out on a Dupont thermogravimetric analyser

model 951 in nitrogen and air atmospheres at a heating rate of

with a sample weight of 5-8 mg, The LOI data were

determined by using a Stanton Red Croft LOI equipment of model

FTA-7101.

5.2.3

1.

Synthesis

Hydrogenation of cardanol to 3-pentadecylphenol

Cardanol (0.33 mol, 100 g) in methanol (100 ml) was

hydrogenated in a Parr medium hydrogenator at 40 psi using

platinum oxide (50 mg) at ambient temperature. The hydrogena-

tion was completed in 2 hs. The crude 3-pentadecylphenol was

distilled under reduced pressure (4 mm Hg) . The fraction

obtained at 200 0 C to 210 0 C was recrystallised from hexane to

get pure 3-pentadecylphenol.

in Scheme 5.1.

o
M.P. 51 C. The reaction is given

40 PSi
>

Scheme 5.1
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2. Synthesis of 3-pentadecylphenyl phosphorodichloridate

3-pentadecylphenyl phosphorodichloridate was prepared

by phosphorylation using POCl
3[35,36]

as given in Scheme 5.2.

A typical phosphorylation was carried out as follows. A mixture

of AlCl
3

(0.01 mol %, 0.44 g) and phosphoryl chloride (0.39 mol,

60.0 g) in dry hexane (100 ml) was heated to reflux and 3-penta-

decylphenol (0.33 mol, 100 g) dissolved in dry hexane (200 ml)

was added drop wise with stirring over a period of 30 minutes.

Anhyd. Al Cl 3

dry hexa ne
>0+

The _.AICI
3

was filtered off and solvent was stripped off to get

3-pentadecylphenyl phosphorodichloridate. 0
11

Cl-p-CI
I
o

~
C,5H31

Scheme 5.2

3. Synthesis of brominated cardanol

Cardanol was brominated using bromine in CCl
4

as given

in chapter 3 (3.2.3). Cardanol (0.1 mol, 30 g) and CC1
4

(100 ml)

were taken in a 500 ml 2-necked flask kept on an ice bath and

added bromine (0.5 mol, 80 g) (in 100 ml CCI
4)

dropwise with
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vigorous stirring. CCI
4

was stripped off and the product was
e

dried in vacuum at 70 C. The reaction is shown in Scheme 5.3.

OH

~+
OH

Br2 CCl4

O·C
>

C,SHz7
C15Hz,B'i.

Br

Scheme 5.3

4. Synthesis of tetrabromo-3-pentadecyl-2, 4, 6-tribromophenyl
phosphorodichloridate

Brominated cardanol was phosphorylated using POCI
3

in

and phosphorylchloride (O .12 mol, 18 g)

dry hexane and AlC1
3

(O.Ol mol %, 0.13 8)

catalyst [35,36]. A mixture of AlC1
3

in dry hexane (25 ml was heated to reflux and brominated

cardanol (0.1 mol, 86 g) dissolved in dry hexane ( 200 ml) was

added dropwise with stirring over a period of 30 minutes. The

AIC1
3

was filtered off. Hexane and the excess POCI a were distilled

out to get tetrabromo-3-pentadecyl-2, 4, 6-tribromophenyl phosphoro-

dichIoridate. The reaction is shown in Scheme 5.4.
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dry hexane
>-

A nhyd. AICl3

Br 0
I1

Cl-p-Cl
I
o

B Br

Br
Scheme 5.4

5. Synthesis of polyphosphates

Typical procedure for the synthesis of poly phosphate

ester from aryl phosphorodichloridate and dtnydr'Ic phenol is

given below. Hydroquinone (0.01 mol) and 50 ml aqueous NaOH

(0.05 mol) were taken in a 500 ml flask fitted with a magnetic

stirrer. To this 2 weight % of f\liquat 336 (Tricapryl methyl

ammonium chloride) was added and stirred well. .A solution

of aryl phosphorodichloridate (0.015 mol) in 50 ml dry chloro-

form was added to the stirring mixture and the reaction continued

for another 10 minutes. The chloroform layer was separated and

poured into a large quantity of methanol to precipitate the

polymer.

the low

The precipitation was repeated for 2-3 times to remove

molecular weight fractions. The polymer was collected

and dried in vacuum oven at 80
0

C for long time. The polymers

(I-IV) are white powders and (V-VIII) are brown coloured

powders. Yields of these polymers were 80-90%. They were
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soluble in acetone, chloroform, tetrahydrofuran. dimethyl

formamide etc. All the eight polymers were prepared by similar

procedures. The reaction is shown in Scheme 5.5.
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IN NaOH
+"HO-Ar -OH ~

Catalyst,
CHCIJ

o
to- ~-O-Ar-h

I n
o

X*X

~y
X

Polymer X V ArNo.

I H C,5HJ1 -@-
CHJ

11 H C1SH31 -@-~-@-
CHJ

III H C1SH31 ~O>-~~Olr
Br CH3 Br

IV H C15 HJ l :c~o C/O
IJ
0

V Br C15 Hz7Br4 -@-
CH3

VI Br C15Hz7Br4 -@-~-@-
CHJ

VII »-~~rBr C1SH27Br4 o ~ 0
CHJ Sr

VIII Br C15HnBr4 -:c~o C,/O
11
0

Scheme 5.5
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5.3 RESULTS AND DISCUSSION

A series of polyphosphate esters (Polymers I-VIII) have

been prepared from the phosphorodichloridates of 3-pentadecyl-

phenol and brominated cardanol with dihydric phenols such as

hydroquinone, bisphenol, tetrabromobisphenol and phenolphthalein

by an interfacial polycondensation reaction using AUquat 336 as

catalyst as illustrated in Scheme 5.5. The polymerisation proceeded

rapidly with yields in the range of 80-90%. The Mn values of

the polyphosphates are in the range from 1100 to 2500 with poly-

disper-sities in the range 1.7 to 3 . 9. The yields and molecular

weights are given in Table 5.1.

The characteristic IR absorption frequencies of all the

polymers were similar and are given in Table 5.2. The polymers

exhibited intense absorption peaks at 1250 cm-1 corresponding

corresponding

Polymers

1150 andThe absorptions at

indicate P-O-C aromatic stretching vibrations.

-1
IV and VIII exhibited absorptions at 1780 cm

to the P=O stretching vibration.

-1
980 cm

to the carbonyl group of phenolphthalein [37] and polymers Ill,

V, VI, VII and VIII showed the characteristic C-Br stretching

vibrations at 790 cm -1 The 1 H NMR chemical shift values of

the polymers are given in Table 5.3. The multiplet in the region

o 7.0 to & 7.6 corresponds to the aromatic protons of the aryl­

phosphorodichloridate and the corresponding dihydric phenols.

Polymers II, Ill, VI and VII exhibited the isopropylidene peak

at around 6 1. 6 [30]. The bromomethyl protons of the polymers
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b 4.2. The 13 C NMR spectrum

of a typical polymer III is shown in figure 5.1; the characteristic

carbon resonances are indicated in the spectrum itself [38]. The

31
P NMR spectra (Table 5.4) of the polymers showed signals at

around [;

unit and at

I 30] .

-18.0 corresponding to the Ph~orus in the repeat

around b -5.0 for the phosphorus at the chain end

The dynamic TGA curves of the polyphosphates in nitrogen

atmosphere are given in Fig. 5.2 and 5.::S. The thermal stabi-

lities and thermal degradation kinetics are presented in Tables

5.5 and 5.6. The parameters studied are T. - Initial decomposition
1

temperature, T1/2 - temperature at which 50% decomposition occurs.

T - temperature at which maximum rate of weight loss occursmax

and C - char yield at 600
0

C and are given in Table 5.5. The
y

thermal stabilities of all the polymers are quite comparable and

0
all are stable in the temperature range 210 to 275 C in nitrogen

atmosphere. As T
1/2

was found to be more reliable than Ti

in interpreting thermal stability in relation to char yield, T
1/2

was taken as the criteria of thermal stability for the present

study. It can be seen from Table 5.5 that the polymers I-IV

(derived from 3-pentadecylphenol) exhibit higher thermal stability

than polymers V-VIII (derived from brominated cardanol). The

initial decomposition temperature T. also supports such a trend.
1

All the polymers exhibited two T max
values; the first in the

temperature range 240-320
0

C and the second in the temperature

o
range 450-575 <: and this indicates a two stage decomposition.
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The first stage may be the loss of the labile aliphatic side chain

of the cardanol moiety which is reported to occur in the tempe­

o .
rature range of 250-300 C In other cardanol based polymers [39].

The second stage could probably be due to the br-eakdown of

the partially crosslinked and/or cyclized structures formed prior

to or during the initial stages of decomposition. The char yields

of 20-29% (Table 5.5) exhibited by these polymers also indicate

crosslinking and or cyclization reactions.

Comparison of the values given in Table 5.5 shows that

among the first four polymers (derived from hydrogenated cardanol)

IV is the most stable (T1/2 - 455 and Cy - 26). Polymer IV is

derived from phenolphthalein, whose structural rigidity might

be contributing to its stability [37,40]. Moreover. the rearrange-

ment of the lactide group may also give rise to improved stabi-

lity [41]. Polymers II and III are derived from bisphenol and

tetrabromobisphenol. Al though tetrabromobisphenol is known to

be thermally more stable than bisphenol A [30]. the present data

show that T1/2 and char yield for polymer III is lower than that

of polymer II. This is true for polymers VI and VII as well.

Although these data seem perplexing, it should be noted that

the molecular weights of pol ymers III and VII are extremely low

(Mn 1150 and 1550) (The molecular weights of the repeating units

for polymers III and VII are 888 and 1445) . So polymers III

and VII are not considered here for a comparative evaluation

of thermal stability and thermal degradation kinetics. The low

values of T (435) and C (20.3) for polymer II in comparison
1/2 y
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to polymer I can be understood from the presence of the labile

isopropylidene group in polymer II. The high phosphorus content

in polymer I (6.8%) might also contribute to its higher T1/2 value

(450) and char yield ( 26 l The polymers derived from brominated

cardanol (V to VIII) exhibit a lower thermal stability than that

of the polymers I-IV. The presence of bromine in the aliphatic

side chain of cardanol might be the factor that reduces the

thermal stability of those polymers. It appears from these

studies that the thermal stability of these polymers is directly

related to char yield. For example, the least stable polymer

(among those derived from 3-pentadecylphenol) polymer II has

got the lowest char yield of 20.3. Further. the most stable

polymer (IV) has got the highest C value of 26%.
y

Among the

polymers derived from brominated cardanol also, the least stable

polymer (VI) has the lowest C (21) and the most stable polymer
y

(VIII) has the highest C (29) .
Y

These data have been further supported by deriving the

kinetic parameters of the polymers. The thermal decomposition

kinetic parameters {Table 5.6} (energy of activation E and

order of thermal decomposition n) were calculated by the method

of Freeman and Carroll [42) as modified by Anderson and Freeman

[43) . Since the TGA of the polymers exhibited two stage decompo-

sition, the kinetic parameters were determined separately for

the t wo steps. The activation energies for the first stage of

decomposition are in the range 23-33 kCal/mol (the E values

for the second stage are slightly higher i. e. in the range
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28-35 kCal/mol). In the first stage, the most stable polymer IV

(among those derived from 3-pentadecylphenol) is having the

highest E value of 33 and the least stable polymer (II) has

got the lowest activation energy of 23 kCal/mol.

stage, the most stable polymer IV has the highest

In the second

E (35 kCal/

mol) and the least stable polymer II has the lowest E value

of 28 kCal/mol. In the case of polymers derived from brominated

cardanol also, the least stable polymer VI has the lowest E

value of 24.7 kCal/mol and the most stable polymer VIII has the

highest value of 28.3 kCal/mol. Again, for the second stage

of decomposition

is 34 kCal/mol.

E for VI is 31 kCal/mol and that for VIII

Fractional orders in the range O. 5 to 0.9 were

observed for the degradation reactions. Because the kinetic para­

meters for these polyphosphates are comparable, it is indicated

that all polymers degrade primarily by similar mechanisms. The

thermal stabilities of these polymers in air were also determined

and are given in Table 5.7. It can be seen from Table 5.7 that

both T1/2 and Cy values are lower in air than in nitrogen indica­

ting lower thermo-oxidative resistance of these polymers.

However, for the polymers derived from brominated cardanol,

the TI /2

atmosphere.

values are slightly higher in air than in nitrogen

The Limiting Oxygen Index (LOI) values of the polyphos­

phates are found to vary with bromine content in general (Table 5.6).

The polymers derived from brominated cardanol are found to

exhibit significantly higher LOI values. Brominated flame
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retardants are known to release volatile species which interfere

with the free radical chain branching reactions to remove high

• •
energy OH and H radicals and inhibit the combustion process [44].

In the case of the polymers I-IV (derived from 3-pentadecylphenol)

III has got the highest LOI value of 27 as it has contribution

from bromine built into the ring (bromine content 35 .9) . Out

of the other three polymers. eventhough phosphorus content is

the rrignest for I (6. 8% ) LOI values are the same for I and IV.

This can be understood from the increased thermal stability of

IV as explained earlier. Again. polymer II with a phosphorus

content of 5.4 which is higher than that of IV (4.7%) has the

This is in agreement with the lower

o
435 C) in comparison tothermal stability of polymer II (T1/2

o
that of polymer IV (T

1/2
455 C). On comparing the LOI values

of the polymers derived from brominated cardanol (V to VIII)

lowest LOI value of 22 ..

it can be seen that polymer VII with the highest bromine content

(60.7%) has got the highest LOI value (62) . Although the

phosphorus and bromine contents of polymer VIII are the lowest

among polymers V-VIII. it exhibits a higher LOI value of 50 and

can be explained on the basis of its higher thermal stability.

Polymer V has higher phosphorus content (3%) • bromine content

(55. %) and thermal stability (T1/2 310) than those of VI (phos­

phorus content 2.7%. bromine content 49.6% and T1/2 - 300) and

hence exhibits a higher LOI value (49) than that of VI (48).

These results clearly indicate that in the case of these polymers

flammability is a function not only of phosphorus and bromine
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contents in it but also has direct relation to its thermal stability

and structure.

It is well known that the thermal stability and char yield

have a direct relationship with LOI of polymers. Fenimore

and Martin [45,46] in their study on oxygen index of polymers

showed that LaI is related to the char forming ability of

polymers. Further studies correlating thermal stability with LOI

were undertaken by Vankrevelen [47] who showed that LOI in

hydrocarbon polymers is directly related to char yield. Later

Annakutty and Kishore [20] showed that LaI is a function of both

phosphorus content and thermal stability in polyphosphates.

'~orrelation of thermal stability with LaI has not been reported

for polymer systems containing phosphorus and bromine together.

It _ appears from the present study that the LOI of polymers con­

taining both phosphorus and bromine also has a direct relation­

ship with char yield and thermal stability.
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Table 5.1: Yields and molecular weights of the
polyphosphates

Molecular weights
Yield

Mn Mw D

I BD 1100 3520 3.2

Il 85 2500 6750 2.7

III 90 1150 3350 3.0

IV 85 2470 4090 1.7

V 80 1450 5700 3.9

VI 84 2000 5350 2.7

VII 88 1550 4650 3.0

VIII 84 1900 5470 2.9
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Table 5.3: IH NMR spectral dataa for the polyphosphates

Polymer Description of peaks, multiPlicityb,
c

number of protons and peak assignment

II

III

0.9 (t, 3 H)

1.2 (m, 26 H)

2.1 (m, 2 H)

7.0 (m, 4 H)

7.3 (m, 4 H)

0.9 ( t , 3 H)

1.3 (m, 26 H)

1.6 (s, 6 H)

2.0 (m, 2 H)

7.0 (m, 4 H)

7.2 (m, 8 H)

0.9 (t, 3 H)

1.2 (m, 26 H)

1.6 (s, 6 H)

2.1(m, 2 H}

7.0 (m, 4 H)

7.6 (m, 4 H)

Benzyl protons

Aromatic protons of 3-pentadecyl
phenol

Aromatic protons of hydroquinone

CH
3

(CH2\ 3
Two (CH

3)
of bisphenol

Benzyl protons

Aromatic protons of 3-pentadecyl
phenol

Aromatic protons of bisphenol

CH3

(CH2\ 3
Two (CH

3)
of bisphenol

Benzyl protons

Aromatic protons

Aromatic protons of bisphenol
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b
Description of peaks, mul tfplIcity ,

number of protonsc and peak assignment

IV 0.9 (t, 3 H) CH
3

1.2 (m, 26 H) (CH2 )13

2.1 (m, 2 H) Benzyl protons

7.0 (m, 4 H) Aromatic protons of 3-pentadecyl
phenol

7.4 (m, 12 H) Aromatic protons of phenol phthalein

V 0.9 (t, 3 H) CH
3

1.3 (m, 12 H) (CH
2

)6

1.9 - 2.0 (m.4 H) -CH-CH -CH -
I ~ 2
Br

2.1 (m, 2 H) Benzyl protons

2.7 - 2.9 (m,2 H) -CH-CH -CH-
I _2 1

Br Br

4.2 (m, 4 H) Four CH protons of the bromomethyl
group of side chain

7.10 (s , 1 H) Aromatic proton of braminated cardanol

7.3 (m, 4 H) Aromatic protons of hydroquinone

VI 0.9 ( t , 3 H) CHa
1.3 (m, 12 H) (CH Z) 6 of side chain

1.7 (s, 6 H) Two CH of bisphenol
3

1. 9-2.0 (m, 4 H) -CH-CH -CH -
l -2 2
Br
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Description of peaks. mUltiplicityb.
c

number of protons and peak assignment

2.1 (m, 2 H)

2.7-2.9 (m, 2 H)

Benzyl protons

-CH-CH -CH
I 2 I

Br Br

VII

4.2 (m, 4 H) Four CH protons of bromomethyl
group of side chain

7.1 (s, 1 H) Aromatic protons of brominated
cardanol

7.2 (m. B H) Aromatic protons of bisphenol

0.9 (t , 3 H) CH
3

1.2 (m, 12 H) ( CH
2

)6 of side chain

1.6 (s , 6 H) Two CH
3

of bisphenol

1.9-2.0 (m, 4 H) -CH-CH -CH -
I ::.::..::z 2
Br

2.1 (m , 2 H)

2.7-2.9 (m, 2 H)

4.2 (m , 4 H)

7.1 (s , 1 H)

7.6 (m , 4 H)

Benzyl protons

-CH-CH -CH
I 2 I

Br Br

Four C-H protons of bromomethyl
group of side chain

Aromatic protons of brorninated
cardanol

Aromatic protons of bisphenol
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Description of peaks. mul tiplicityb •
c

number of protons and peak assignment

VIII 0.9 (t, 3 H)

1.3 (m, 12 H)

1.9-2.0 (m. 4 H)

2.1 (m, 2 H)

2.7-2.9 (m, 2 H)

4.2 (m. 4 H)

7.10 (s , 1 H)

7.4 (m, 12 H)

-CHa
(CH

2
)6 of side chain

-CH-CH -CH -
I _2 2

Br

Benzyl protons

-CH-CH -CH­
I _2 J
Br Br

Four CH protons of bromomethyl
group of side chain

Aromatic proton of brominated
cardanol

Aromatic protons of phenol phthalein

a. Chemical shift ( d ppm, relative to TMS}

b. s = singlet.

t = triplet

m = mul tiplet

c. Determined by relative areas under the peak
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31 a
Table 5.4: P NMR spectral data for the polyphosphates

Polymer
Peak due to Peak due to the
repeating unit chain end

I -18.6 -5.83

II -18.4 -5.41

III -19.80 -5.70

IV -18.99 -5.61

V -17.94 -5.19

VI -18.98 -5.46

VII -23.24 -5.88

VIII -19.59 -5.55

a chemical shift (E ppm, relative to H
3P04)
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Table 5.5: Thermal stabilities of the
polyphosphates in: nitrogen

Thermal stabilities in N
2

T
max

% char
yield

I 265 450 300 26
450

II 270 435 315 20.3
470

III 275 430 320 20
450

IV 260 455 320 26
470

V 220 310 270 27
480

VI 230 300 250 21
575

VII 210 320 270 20
470

VIII 210 350 240 29
480
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Ta ble 5.6: Thermal degradation kinetics and LOI
values of the polyphosphates

Thermal degradation kinetics
Polymer

% P
content

% Br
content LOI

1st stage 2nd stage

E n E n

I 6.8 0 24 24.1 0.7 30 0.80

II 5.4 0 22 23.2 0.6 28 0.75

III 3.5 35.9 27 25.1 0.6 29 0.75

IV 4.7 0 24 32.9 0.7 35 0.90

V 3 55.4 49 24.9 0.8 32 0.80

VI 2.7 49.6 48 24.7 0.6 31 0.85

VII 2.1 60.7 62 22.5 0.5 32 0.75

VIII 2.5 45.9 50 28.3 0.9 34 0.90
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Table 5.7: Thermal stabilities of the
polyphosphates in air

Thermal stabilities in air

T.
1

c
y

I 210 350 23

II 220 340 21

III 250 330 19

IV 250 395 27.5

V 210 350 18

VI 210 340 17.5

VII 230 325 17

VIII 240 395 23
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CHAPTBR 6

SYNTHESIS. CHARACTERIZATION AND THBRMAL STUDIES OF
BORON CONTAINING PHENOLIC AND CARDANOLIC

POLYMERS

6.1 INTRODUCTION

Although filler (inorganic) loaded phenolics are already

considered temperature resistant, their. thermooxidative resistance

can be further improved by chemical modification [1-4]. The

following methods as discussed in chapter 4 (4.1) are suitable

to improve the thermooxidative resistance of phenolic resins.

a. Etherification or esterification of the phenolic

hydroxyl group

b. Complex formation with polyvalent elements (Ca ,

Mg, zn, Cd etc.)

c. Replacement of the methylene linking group by

heteroatoms (0, S, N, Si etc.)

The esterification of phenol novotak resins with inorganic

polybasic acids such as phosphoric and boric acid are of parti-

cular importance in increasing the heat and flame resistance of

phenolic resins [1].

Polymers with good thermal stability and fire resistance

have been produced by treating phenolic novolaks with boric acid

[2] . It is claimed that the boron atom is chemically bound in

a cyclic structure with two of its bonds joined to a phenoxy
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radical. The increased thermal resistance of phenolic resins modi-

fied with boron is attributed to structures [5] ( Fig. 6.1).

Fig. 6.1

Boron compounds when added as additives also improve

the flame retardancy of phenolic compounds. Nonflammable

phenolic molding compounds have been prepared by adding boric

acid and sodium borate. A number of patents have been issued

which describe the formation of noncombustible phenolic resins

when modified with boric acid, boric oxide or borate salts [6-9].

Resins modified in this manner have been reported to fail to

ignite in a flame and to produce exccellent flame resistance when

used as an impregnating material for paper. Resols have been

copolymerised in the presence of boric acid in a ratio ~ 1 mole

per 3 moles of phenolic for flame retardancy improvement [10].

A mixture of boric acid, phosphoric acid, and a polyphenol was

reacted to give a thermoplastic resin that was thermoset after-

ward with formaldehyde to give a nonflammable composition [11].

Most of the technology concerning the flame retardation

of phenolic resins involves either the incorporation of substances
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known to exhibit flame retarding properties into the backbone

structure of the organic polymers or the addition of various

compounds or combinations of compounds into the resin system

to impart flame resistant characteristics (3]. The reaction of

polyfunctional compounds with PF resins is often found to lead

to gelation [12] and consequently only low amounts of the active

element could be incorporated. The reaction was found to be

dependent on the nature of the PF resin [12-14]. These problems

of gelation and structural differences could be overcome if

chemical modification is effected at the monomer level and then

polymerised to get the required product. Incorporation of hydro-

carbon side chain to the phenolic ring is expected to improve,

(l) the processability, and (2) compatibility with other polymers,

al though a reduction in flame resistance is expected (15] .

Cardanol with its C
1 5

hydrocarbon side chain [16] is thus a

suitable monomer for boration for the preparation of wide spectrum

flame retardants [ 15] . This chapter deals with the synthesis

and characterization of triaryl borates of phenol and cardanol

and their polymers. This study also includes investigations of

their flammability and thermal behaviour.

6.2

6.2.1

EXPERIMENTAL

Materials

Cardanol was obtained by double vacuum distillation of

o
CNSL at 3-4 mm Hg and the fraction distilled at 230-235 C was
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Phenol (NICE, India) was distilled under reduced

pressure before use. Trimethyl borate and hexamethylenetetramine

were purchased from Fluka , Switzerland and used as such w.i thout

further purification.

then distilled.

Benzene was dried over sodium wire and

6.2.2 Measurements

The IR spectra were recorded on a Perkin-Elmer IR

spectrophotometer model 882 as neat films on NaCl windows by

1
the smear techniques. H NMR spectra were recorded on Hitachi

R-24B high-resolution NMR spectrometer in CCl
4

using TMS as

11
internal reference. B NMR spectra were recorded on a JEOL

FX-90Q FT spectrometer. The GPC data were obtained using

Hewlet Packard 1081 B HPLC, equipped with an automatic sample

injection system and a differential RI detector. The thermogravi-

metric studies were carried out on a Du Pont thermogravimetric

analyser model 951 in nitrogen atmosphere at a heating rate of

. -1mln with a sample weight of 5-10 mg. The limiting

oxygen index data were determined by using a Stanton Red Croft

LOI equipment of Model FTA-7101. Boron estimation was done

spectrophotometrically using quinalizarin as the chromotropic rea-

gent.

6.2.3 Synthesis

The triaryl berates were synthesised by transesterifi-

cation reaction with trimethyl borate. A typi eal procedure for
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the preparation of tricardanyl borate (TeB) is as follows.

Cardanol (0.03 mol, 9 g) and dry benzene (100 ml) were taken

in a 250 ml R. B. flask fitted with a reflux condenser. The

solution was stirred magnetically and the temperature was

maintained at 60
0

C. To this, trimethyl borate (0.01 mol, 1. 04 g)

was added and the reaction was continued for 3 hs , The solvents

were stripped off and the product was dried in vacuum at 60
0

e.

Triphenyl borate (TPB) also was synthesised by the same

procedure.

The triaryl borate obtained was polymerised with hexame-

thylenetetramine (HMTA) . A typical polymerisation procedure

is as follows. Tricardanyl borate (0.01 mol, 9.08 g) and HMTA

(10 weight % to that of TCB, 0.91 g) were taken in a 100 ml

R. B. flask and heated at 120
0

C for 1 h to get tricardanyl borate­

formaldehyde. TPBF was prepared by the similar procedure.

6.3 RESULTS AND DISCUSSION

The triaryl borates of cardanol and phenol as well as

their formaldehyde condensates were prepared as illustrated in

Scheme 6.1.

Tricardanyl and triphenyl borates (TCB and TPB) were

synthesised by transesterification reaction wlth trimethyl borate

in dry benzene. The yellow coloured liquids obtained are

hygroscopic in nature. The yields were about 90%. The IR

spectral data of Tea and TPB are given in Table 6.1. Their
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IR spectra exhibited the characteristic B-O-C stretching vibrations

at 1360
-1

The characteristic bands of aliphatic side chaincm .
of cardanol observed at 1620 and 2946

-1 (C=C and G-H forwere cm

TCB) . The absence of C-OH protons at <) 5.0 support the forma-

tion of the ester. The values of 1.2% for the TCB and 3.8% for

TPB for boron contents are in agreement with the theoretical

values of 1.21 and 3.8% respectively for the triesters. The

1 H NMR chemical shift values of TCB and TPB are given in Table 6.2.

dry
>

benzene

0±-8

©lx
01=8

~+
X

HMTA
1h

Where X=H or

Scheme 6.1

The lIB NMR spectra of TCB and TPB indicated singlets at c:r -18.17

and at er -0.17 respectively for the boron present in the compounds.

TCB and TPB were polymerised with hexamethylenetetra-

mine to get soluble and fusible resins which were further cross-

linked with additional amounts of HMTA at a temperature of 130-
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The linear resins were cnaracte-

rized by gel permeation chromatography to get the molecular

weight averages. The number average molecular weight (Mn)

values of TCBF and TPBF are 2450 and 1500 respectively and are

given in Table 6.3. The dynamic TGA curves of the cured

products are given in Figure 6.2.

The thermal stabilities and thermal degradation kinetics

are presented in Table 6.4. The present study compares the

thermal behaviour of TCBF and TPBF with those of CF and PF

resins. The parameters studied are the temperature correspon-

ding to initial decomposition (T i 25% weight loss (T1/4 ) and

the char yield at 600
0

C (C ). Comparison of these values iny

Table 6.4 shows that the boron containing polymers are having

higher thermal stability over that of the non modified ones at

o
high temperature (say above 400 C). It can be seen that bora-

tion brings down the T. values from 390 to 250 for TPBF and
1

from 360 to 170 for TCBF. On the other hand the T 1/4 and Cy

values have increased considerably. The T1/4 values have

increased from 515 to 540 for TPBF and from 410 to 420 for TCBF.

Similarly. Cy values have increased from 62 to 71 for TPBF and

from 11 to 18 for TCBF. The LOI values of the polymers given

in Table 6.4 shows that upon boration flame retardancy has

increased from 19 to 25 and 35 to 38 for TCBF and TPBF respec-

lively. The major effect of boron compounds in improving the

flame resistance of phenolic resins might most probably their
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action in '[le condensed phase [3]. It is generally thought that

these boron compounds retard flammability through both a s~r:facc

coating effect and as substancc s which smoother fla me [3] .

Forma'~i~, of the large amount of char arrl rugn LUlof TPBF and TCBF

are in support of a condensed phase mechanism. Surface coating

might promote char formation and thereby reduce the amount and

rate of diffusion of combustible volatiles to the ignition zone [3).

The borate esters would be expected to enhance the char-formation

decompost ttcn reactions as well as tt.e retention of the bcr-ic cxi r

surface coating dur-ing high temper-ature exposure of the p~enolic

o
rr.a ss . The Iow values of char yicld and T

1/4
(18% and 420 C)

for -reEF in comparison to those of TPBF (71% and 540
0

C) can

be uncer-stccd from the presence of thermally labile al i.phat.ic

side chain if"; cardanol .

The the r rnal decomposi t io.i kinetic parameter-s (energy

of act ivat ion E and order of thermal decomposition r-eact ion n )

(Tab) e 6.4) were calculated by the modified Anderson and Freeman

methcc [17]. The polymers showed activation energies in the

range 30-40 keel/mol. fractional orders in the range of O.7f.

to 0.95 were observed for the degradation reactions. It can be

seen that the TPBF has a higher

that of TCEF (32 kCal/mol).

E value of 40 kcar/mo; than

This is in agreement with the

observed thermal stabilities of the polymer.
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Table 6.1: Infrared absorption frequencies of TCB and TPB
-1

(Wavenumber cm )

TCB TPB Assignment

685 (5) 660 (5) Out-of-plane bending of C-H bonds
of aromatic rings

725 (W) 720 (W)

790 (5) 800 (5)

1020 (W) 1010 ( W) In-plane bending of C-H bonds of
aromatic rings

1070 (M) 1060 (M)

1360 (5) 1360 (5) B-O-C stretching

1460 (5) 1440 (5)
C=C ring stretching

1590 CS) 1590 CS)

1620 (5) C=C aliphatic stretching

2940 (5) Aliphatic C-H stretching

3040 (M) 3040 (M) Aromatic C-H stretching
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1
H NMR spectral data for TCB and TPB

Sample Description of peaks, multiplicity and
peak assignment

TCB er 0.9 (T, Me)

1.3 (M, CHZ ).

1. 8-2.1 (M, allyl)

2.2-2.5 (M, benzyl)

2.6-2.8 (M, diallyl)

5.2-5.4 (M, vinyl)

6.5-7.0 (M, aryl) ppm

TPB 6.7-7.0 (M, aryl) ppm
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Table 6.3: GPC data of TCBF and TPBF

Sample

rCBF

TPBF

Mn

2450

1500

Mw

5070

3150

D

2.07

2.1

Table 6.4: Thermal stabilities and thermal degradation
kinetics in N

2

Sample

reBF

TPBF

CF

PF

T.
1

170

250

360

390

420

540

410

515

C
Y

18

71

11

62

LOl

25

38

19

35

E

32

40

29

36

n

0.75

0.9

0.85

0.80
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CHAPTER 7

EFFECT OF MCPA AND MPPA MONOMERS AND POLYMERS
ON THE THERMAL AND FLAMMABILITY
CHARACTERISTICS OF POLYETHYLENE

7.1 INTRODUCTION

Synthesis, characterization, thermal and flammability beha-

v iour of phosphorus, bromine and boron containing FR monomers

and polymers of cardanol and phenol have been described in the

pr'ecead.ing chapters. Previous reports indicate that FR polymers

are more effective than their monomer counterparts [1-3]. This

is because the polymer will not bloom, or migrate to the surface

or leach out and so they are considered to be more advantageous

[1-3] than the simple FR compounds. In the present work a

series of FR monomers and polymers were synthesised and char-acre-

rised, but their relative effectiveness can be evaluated only if

they are added to a polymer to be made flame resistant. Poly-

ethylene was selected for this study because, it was shown in

an earlier experiment carried out at the Regional Research Labora-

tory, 'I'r-ivandr'um , that when phosphorylated CNSL

prepolymer (PCNSL-containing only 8% P) was added to PE, its

LOI showed an incredible increase from 18 to 24.5 [4] .

Moreover, blends of PCNSL with PE were totally compatible [4].

This steep rise in LOI values is yet to be understood, but

possible contribution from antioxidant activity of PCNSL to dece-

lerate the thermooxidative decomposition of PE can be suspected.
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The FRs prepared in the present work is also expected to behave

in a similar way. To have a comparative study the corresponding

phenolics were also blended with PE. Therefore this chapter

deals with the evaluation of the flame retardant and thermal chara-

cteristics of the polymeric FRs vis-a-vis the monomeric FRs when

used in a polymer such as PE.

7.2

7.2.1

EXPERIMENTAL

Materials

Polyethylene of grade Indothene 16 MA 400 was purchased

from IPCL, India. PF resin was prepared as reported in chapter 4

(4.2.3). MCPA, MPPA, MCPAf and MPPAF were prepared as given

in chapters 3 and 4 and were used for the blending studies.

7.2.2 Measurements

The thermogravimetric studies were carried out on a

Dupont thermogravimetric analyser model 951 in nitrogen

o -1
atmosphere at a heating rate of 20 C min with a sample weight

of 5-10 mg. The LOI data were determined by using a Stanton

Redcroft LOI equipment of model FTA-7101. Scanning electron

microscopic studies were done using a JEOL 35 C Microscope.

Blending studies were carried out using Brabender Plasti-Corder

Model PLE 651.

7.2.3 Blending studies

A typical blending procedure is given below. The



-204-

temperature was adjusted at 120
0

C and rotor speed was kept at

25 rpm. 40 g of PE and 10 g of MCPA were mixed in the

measuring mixer, through the loading chute in minimum time. The

torque developed was noted and the torque vs time graph was

plotted. The mixing was continued for 20 min. The polymer

was taken out from the mixer and used for further studies.

7.3 RESULTS AND DISCUSSION

MCPA, MCPAF, MPPA and MPPAF were blended with PE

and their effect on thermal and flammability characteristics of

PE were investigated. Fig. 7.1 shows the torque vs time plots

obtained for PE and PE-MCPA blend. Th3 final mixing torque

observed is 4 Nm which is quite low when compared to 7.5 Nm

for PE indicatirmg that the. system exhibits better processability

and compatibility. The SEM pictures given in Fig. 7.2 show that

MCPA is more compatible and miscible with PE than the phenolics.

The formation of an intimate blend with MCPA could be understood

from the presence of C
15

aliphatic side chain.

The thermal stability of the polymers (Ti-initial decompo-

sHion temperature, T
1/4

temperature corresponding to 25% weight

loss and C _ - the char yield at 500
0

C) are given in Table 7.1.
y

It can be seen that rr, T1/4 and Cy values have increased consi-

derably for the blends than those for PE. Thus Ti values have

increased from 385 of PE to 400,
o

410 and 420 C for PE-MCPA,

PE-MCPA linear blend and PE-MCPA cured blend. The Ti values
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are still higher for PE-MPPA and their polymers. The Ti values

are
o

and 465 C for PE-MPPA. PE-MPPAF ( linear

blend) and PE-MPPAF cured blend. But T1/4
values and char

yields are higher for MCPA systems. T1/4
values have increased

from 405 0C for PE to 480
0

C for PE-MCPA blend. The T1 / 4
values

for the PE-MCPAF linear blend is 490
0

C whereas that for

PE-MCPAF cured blend is 495
0

C. The T1/4 values for phenolic

systems are 470, 485 and 490
0

C for the monomer , linear resin and

the cured system respectively. Moreover the char yields also

follow the same trend. The C for PE is 1.4% which has increased
y

from 40 through 56 to 62 while going from MPPA monorner , MPPAF

linear resin and MPPAF cured and for the cardanolics, the char

yields have increased from 42 for MCPA to 59 for MCPAF linear

blend and 65 for MCPAF cured blend. Thus, it can be seen that

cardanolics improve the thermal stability of PE than phenolics.

The LOI values are also higher for the MCPA blends than

MPPA blends. The values are 22.5, 22.5 and 23.0 for phenolics

whereas they are 23.5. 24 and 24.5 for the cardanolics.

From these studies it can also be seen that the polymeric

flame retardants are better than monomeric flame retardants in

PE.
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Table 7.1: Thermal stabilities and LOI values of PE blends

S.No. Sample Ti LOI

l. PE 385 405 1.4 18

2. PE + MPPA 440 470 40 22.5

3. PE + MPPAF 455 485 56 22.5
(linear)

4. PE + MPPAF 465 490 62 23.0
(cured)

5. PE + MCPA 400 480 42 23.5

6. PE + MCPAF 410 490 59 24
(linear)

7. PE + MCPAF 420 495 65 24.5
(cured)
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SUMMARY AND OUTLOOK

Flame retarda tion of polymeric materials involves use

of flame retardant (FR) compounds as an additive or as a reactive

component. The efficiency of the FR compound is thought to be

enhanced when the FR elements are built into the structure of

the polymer. It is also reported that polymeric FRs function

better than their monomeric counterparts. Owing to problems

such as insufficient compatibility and miscibility, the use of FRs

are restricted mostly to one FR for one polymer with a specific

application. This could be solved by developing wide spectrum

FRs with FR elements built into the monomeric structure having

both hydrophobic and hydrophilic moieties in the same molecule

and polymerising the modified monomer to a prepolymer (because

at the polymer level, a higher loading of the FR will be needed.

Moreover, it will be easier to process the prepolymer than the

polymer and at the same time the drawbacks of common FR

compounds such as blooming, migration, reduction in mechanical

properties etc. will be overcome). The present work, therefore,

concerns mainly with the synthesis and characterization with parti­

cular emphasis on thermal and flammability behaviour of FR

monomers , prepolymers and polymers of two related monomers,

phenol and cardanol both of which can easily be chemically modi­

fied with the latter having special structural features for transfor­

mation into wide spectrum FRs. The effect of three FR elements

pnosphourv-and boron (because they are reported to enhance the
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thermo-oxidative resistance of phenolics) and bromine (because

a thermoset cardanolic polymer containing phosphorus and bromine

was shown earlier at the Regional Research Laboratory, 'l'hfruva­

nanthapurarn , to exhibit ablation behaviour) were studied and

the effectiveness of FR monomer vs prepolymer and wide spectrum

FR was evaluated with respect to a polymer such as polyethylene.

Phosphorus was introduced in the first set of experiments

by simple phosphorylation of the hydroxyl group of cardanol and

phenol to get the mono-phosphates which were then condensed

with .for-mal dehyde or hexamine to prepare prepolymers and

polymers. The bromo derivatives of the monomers and polymers

were also

l H NMR,

prepared. The products were chatacterized by IR,

13
C NMR and GPC. Thermogravimetric and LOI studies

indicated that incorporation of phosphorus enhanced thermal stabi­

lity and flame retardancy of both cardanolic and phenolic

( phosphorus was found to enhance the thermo-oxidative resistance

of phenolics, in particular) polymer. On the other hand, bromine

while raising their LOl values surprisingly affected the stability

of phenolics adversely. In the case of cardanolics, thermal and

flammability data point to a positive interaction (no synergism

or additive effect was observed) between phosphorus and bromine

in the condensed phase with phosphorus acting mostly in the

condensed phase and bromine in the vapour phase. The lower

thermal stability of cardanolics in comparison to phcnolics was

explained on the basis of the presence of the labile aliphatic
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side chain of cardanol.

In the second set of experiments. phosphorus was

introduced through the preparation of phosphorodichloridates of

3-pentadecylphenol and brominated cardanol which were then inter-

facially condensed with dihydric phenols such as hydroqu mons

bisphenol, tetrabromobisphenol and phenol-phthalein to get the

TGA and LOI

characterizei'!.The products were

31 P NMR and GPC.

polyphosphates.

13
C NMR,

respective

1
H NMR.by JR,

values of these polymers indicate that the thermal stability of

the polymer derived from pentadecyl phenol are stabler than those

derived from brominated cardanol. The highest stability was

observed for the polymer containing the phenolphthalein moiety.

The bromine containing polymers showed the highest LOI values.

The thermal and flammability data suggest that flammability of

these polymers is a function not only of phosphorus and bromine

content, but also has direct relation to their thermal stability

and structure.

Since boron is reported to effect behaviour similar to

that of phosphorus, boron containing cardanolic and phenolic

polymers were prepared and characterized. Thermal and LOI

data indicated enhancement of thermal stability and reduction in

flammability of both the systems on introduction of boron. The

lower values of char yield for the boron containing cardanolic

polymer in comparison to that of phenolic was explained on the

basis of the presence of thermally labile aliphatic side chain
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in cardanol.

The thermal decomposition kinetic parameters (activation

energy E and order of thermal decomposition reaction) were calcu­

lated and used to understand the mechanistic aspects of thermal

decomposition of all the polymers.

The effect of polymeric/prepolymeric FR vs monomeric

FR was studied by blending some of the above polymers with

polyethylene and evaluating the thermal and flammability behaviour

of the blend. The results positively indicated that polymeric/

prepolymeric FRs are much superior to monomeric FRs. The poly­

meric/prepolymeric FRs in addition exhibited better processability

and compatibility than their monomeric counterparts. Moreover,

the cardanolic FR polymers were easier to process than that of

the phenolic prepolymers indicating that cardanolics may function

as wide spectrum flame retardants. However, this aspect has

to be confirmed by blending with other polymers.

The present investigation shows that:

1 . Introduction of phosphorus and boron enhances the thermo­

oxidative resistance of phenolic polymer. The problem

of gelation and lower phosphorus and boron contents in

the polymer could be overcome by introducing these

elements at the monomer stage. Thus phosphorus and boron

modified polymers show prospect s as ~hermally stable

polymers.
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2. Introduction of phosphorus and bromine into cardanolic

polymers have enhanced their thermal stability and

reduced flammability considerably. In an earlier experi­

ment at the Regional Research Laboratory. Thiruvanantha­

puram , it was shown that thermoset cardanolic polymer

containing phosphorus and bromine exhibit the property

of ablation. The present data on thermal and flammability

of the model compounds studied here might. contribute

to further under-standing on the ablation phenomenon.

3. Cardanolic FR prepolymers showed better compatibility

and processability indicating their possible use as wide

spectrum FRs. Use of wide spectrum FRs may solve

problems associated with the conventional FRs and also

will reduce cost:..- considerably.

4. Comparative evaluation of polymeric/prepolymeric FR vs

monomericjsimple FR compounds shows that polymericjpre­

polymeric FRs of cardanol and phenol function better than

their monomeric counterparts. So FR prepolymer of

cardanol and phenol show prospects as good FRs.

5. Studies on cardanol based polyphosphates showed that

flammability of these polymers is not only dependent on

phosphorus and bromine contents. but also has direct rela­

tion to thermal stability and structure.

Further work in this line could lead to a quantitative

correlation of parameters that control flammability of polymers.
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