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• ABSTRACT

Polyphosphazen. copolymers have been degraded under dynamic air

flow up to t emperatures of 700°C at a heating rare of 350 per minute.

A few experiments were also conducted up to 1000°C. Animal inhalation

screening tests wi th  mice (Swiss Webster) were made under these test

conditions . ~.n air flow rate of 20 t /nin was employed in the toxicol-

• ogical studies where the temperature in the animal chamber was always

he ld below ~5°C, a condition which did not adversel y a f fec t  the animals

under tes t .  Simultaneously , thermograviaetric measurements were made

on decomposing polvphosphazanes in order to assess the rate of sample

• decomposition at ~ifferen t temperature .. Quanti tat ive analy tical

measurements of the evolution of HCN and CO gases from the polymers

(some without fillers) were made under identical thermal and environ-

mental conditions.

The results clearly show that there is not a significant correla-

tion between CO—evolved end the induced toxicity in these animals. A

similar conclusion follows for the evolution of HCN gas. Correlations

• wi t h  both these gaseous products indicates that other more lethal prod-

ucts must be responsible for the observed LC50 results. The complexity

of the decomposition products has not yet been elucidated , but it has

been demonstrated clearly that an animal test model properly applied

can be used to screen complex polymeric systems .

Descriptors: Polyphosphazene copolymers , toxicity (animal) studies,

quantitative HCN and Co gas analysis , thereogravia.tric ana l ysia

• fillers.
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INTRODUCTION

Of the many thousands of fire—related fatal i t ies  occurring

annually in this country , asphyxiacLon due to oxygen dep letion and

inhalation of toxic gases evolved during the burning process , is

believed to be the major cause rather than direct burns . The increased

use of man—made polymeric materials in construction , home furnishings ,

and clothing coupled with  their potential fire hazard have caused a

great deal of concern among the public . Many conventional synthet.~.c

organ ic polymers either lack thermal stability, like polyethylene, or

give rise to toxic fumes on thermal decomposition as found , for  example ,

in polyvinyl chloride and polytetrafluroethy lene . The toxicity of the

degradation products of many of these polymeric material, has been

examined.

Th. lack of thermal stability and potential fire hazard of many

comeon organic polymer, have motivited the synthesis of inorganic poly-

mers containing silicon, nitrogen and/or phosphorus in the cha in back-

bone instead of carbon atoms)0’ 11 Technical developments have made

these inorganic polymers qualitatively compatible with conventional

organic polymers in many applications . Relatively lover combustion

toxicity and higher thermal stability have bean reported for these newe r

1’ 13materials. -,

Tb. overall combustion toxicity of polyphosphaz.nes has been studied

by exposing mice to the gaseous combustion products of polyphosphazen.s.13

The LC~~ and relative toxicity of these polymers as compared to Douglas

fir have been determined . In these experiments the two highly toxic

gases , namely RCN and CO have been detected amongst the decomposition

_ _ _  •~~~~~~~
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products of polyphosphazenes. The physiological effects of these two

gases are mentioned briefly. For instance, carbon monoxide is readily

absorbed by the red blood cells and is more firmly bound by the hemo-

glob in than is oxygen . For this reason. the body suffers reduced oxygen

supply and the brain and nerve tissues are quickly damaged whenever CO

is present in the air at abnormally high levels. HCN is known to be a

very potent poisonous compound which can comb ine with oxidation enzymes

and cuases death in a short period of time even when ~t is present at

very low concentrat ions.  3v way of sumoary of l i terature data , LC50
values for  HCN and CO are presented in Table 1. With the exception of

two result , the data cited concerns rats.

In contrast to what one might  have expected , it has been established

that there is no synergistic effects when HCN and CO are combined .

Lynch 1 
, who has exposed rats to HCN and CO separately as well as in

combination at various concentrations , has concluded that the toxicities

of these two gases appear to be purely additive . The toxicity of gases

such as HF, MCi , NO2, and HCN ,with or without CO, have also been studied

by Higgins , at al. 18 These workers reported that CO when present in

combination at levels are not hazardous to life , do not enhance the

toxic response of any of the four substances just mentioned. Further—

more , the LC50 values for CO combined with any of the four gases just

mentioned are only slightly lover than the LC50 values of the pure com-

pound , again indicating an important result that no synergistic effect

exists between MCII and CO. 

__
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MATERIALS AND METHODS

Polyphosphazene samplea studied in this investigation are listed

in Table II. Their respective chemical structures and filler content(s)

are also given.

1. Determination of

Detailed descriptions of apparatus and experimental conditions used

f or screening polyphosphazenes are to be found in previous publications)3

Sriefly , four mice were ~~~~~~ ~~~~~~~~~~~~ the .the-rmal d.composi—

tion products of polyphosphazenes under dynamic heating conditions in

air in a box-type furnace. The heatt-tg rate was naintathed at 35°C/mm .

throughout the exposure . The maximum temperature reached was 700°C.

The animai exposure period was 20 minutes. It was initiated when the

furnace temperature reached 100°C and was terminated at 700°C. A con-

stant air flow of 20 liters per minute through the exposure chamber

was maintained by an exhaust pump . The air flow was composed of 9 liters

of cooling air form ar. ice bath to keep the temperature inside the

exposure chamber below 45°C. My varying the polymer sample load, a

dose—response (mortality) curve was obtained . Six to ten experiments

(with four animals in each instance) were generally required to construct

a satisfactory dose—response curve. The sample loading where 50-percent

mortality occurred was interpolated from the dose—response curve and was

d ef ined as LC50, based upon original weight. Au equation was fitted to

the data points for each polyphosphazene by least square statistics.
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2. Measurement of HCN and CO

Polyphosphazene materials were decomposed thermally following the

procedure used previously for obtaining the dose—response curves for

mice . In order to obtain meaningful and consistent comparisons between

materialc ,;emp1e loadings corresponding to 50 percent mortality

~.eve1s were used.

• • arbon monoxide was measured quantitatively by a portab le CO analyzer

from Energetic Science , tmc . HCN concentrations are ~etermined by gas

chromatography (CC) . Successful resolution of R~N by CC and the relia-

bility of GC analysis of HCN have been well documented .19’ 0 A spec ial

~~trogen—p hosphorous flame ionization detector (N—P FID) was employed

in this study. This type of FID is a very sensitive and selective means

for measuring flitrogen and phosphorous :ontaining organic substances,

and thuc it  enhances the accura cy  ~f ~4CN determinations. Twelve gas

samples :oi~ected from the exposure chamber at different temperatures

for each material were analysed for HCN using a Hewlett—Packard 5730A

gas chronatograph equipped with an N—P FID.A six—foo t Porapak N glass

0
co~umr. was used and the column oven temperature was maintained at 150 C.

Helium carrier gas at a flow rate of ~O cckin . was applied . The sampl-

ing frequency was based upon the decomposition rate of the polymer under

investigation from the the rma l gravimetric analysis (TGA ) for every

poly-phosphazene studied.

Since CO concentrations were continuously monitot.d throughout the

exposure period , the total amount of CO as well as the maximum CO con-

centrat ion and duration of CO concentration above a critical level was

obtained from the curve . Curves of HCN concentrations vs. temperature
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.r time were constructed from GC analysis results tc provide the same

• type of information as in the CO determinations. :t is believed that

HC curves so obtained by - C analysis close ly resemble a continuous

curve because -i very dense sampling frequency (about one sample every

minute) was used . The results therefore provide quantitative , meaning—

• :ul. tnformac~~n about the degradation products of our polyphosphazenes.

ES~L~S AND ISC~SSICN

Typical TGA curves fcr a pL’lvfluorophosphatene (PNF) film , a poly—

arylozyphospha:ene (AP~) gum , and an APN foam along with the measured

concentrat~ons ~‘f ~~ and CC’ generated during thermal decomposition in

air are shown :-~ ~igures ., ~~, and 3, respectively .

The toxicity effect of smoke and gaseous products ~s naturally related

to the quanttt~ of these ingredients evolved during the sampling period .

in particu lar, the total amount of HCN and CO measured during the animal

exposure (20—minute period), correspond ing LC~~ values together with

relative toxicity , maximur concentrat~on and percent yield •~f these two

gases are all presented in Tables ~~l and 
‘. for comparison among and

between the polymers studied . Note that LC50 and relattve toxicity

values are based upon origina l sample loadings which are

used as a basis for  san ’p le ccnparisons th our

screening studies. However , values derived f r om the actual

amount ~f pol’rmer in each sample are alsc provided in Tables 1 and :‘

f’r tie ~ake of completeness or for use by the intere sted  reader.  For

assessing relative t~ xic itv , we have always used actual samp le loadings

bearing in mind that because of the influence of additives , such as ‘ire

_  

_ _  _H
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retardants , stab~ l~zers , and plastic~2ers , the chemistry of burning

and the toxicity of a given polymer with or without fi~.ler may differ

signtftcan t :~~.

Correlation ~etween Relattve T~xicit v and Total ~iCN and CO
Concent rat tons

This ccrrelactcn ~as attempted :o test ~f the SO—percent mortal~:y

rate caused 5v the ~egradat:on :cr~~ucts —f the more toxic polyphosphazenes ,

wag due to either the ht~h ~~~ cr CO concentrat tons f ’und tn  these

~anp~es. Tab es i~~ and “ , ~~~ .r es are listed tn order of decreas-

ing toxicit’:. These results clear ’: demonstrate that there is not a

significant relacionshi~ between CO r concen t raticns and induced

toxicit y , which is a si~~ iftca nr f.mdtng. ~c’te , too . that the

values are different f o r  each sanp i~~. This comparison based upon sample

loading is justified because the purpose of the current stuc’ was to

compare the materials as the’: e.xist at a weig ht Ieve~ where 5~ percent

~f morta lttv was induced in yice . From Tables lii and ~V , it is shown

that a significantl y smaller amount — f HC ~ and CC’ ~s f ou n d  for the most

toxic polvphosphazenes (namely , samp les A and ~ of Table ~~~~~, et ~~~~~

At first sIg ht, this result is unexp ec t ed .

2. is HCN or CO the  au~ e of Death ~

~ur results indicate tha t in general onl a small amoun t of ~~ iS

detected at temperatures be ’w ~OO°C (Figures 1 . 2. and 3). The peak

concentratIon of HC~, w ht :h  is usual~~ of short dura tlDn , is atta.~ned

abou t 5SO— ~ CO °C , after which i t  r a p i d l y  drops of f  5evond 6C0°C. The

maxim um ~CN concent ra t ion  f :~ nd f c r  each st-~p l e  and the perI~’d where the

HCN concen tration exceeds 200 ppm can be found in Table III. Comparing

i s  
_ _ _ _

p.
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values with the literature results in Table I, where it takes a five—

minute exposure for mice (30—)Sg) at a 323—ppm HCN level in order to

induce the 50-percent mortality , it is concluded that none of the poly—

phosphassne s tested have an HCN concentration sufficient in itself to

cause death.

In Figures l , 2. and 3 which contain typical results , there is also

a general pattern of CO evolution from the polvphosphazenes tested . As

in the case of HCN , a negl igIble amount of CO is evolved below ‘OO ’C.

• C e a r lv , th e concentratIon of CO reaches a maximt value in the vicinity

of the autoigniticn temperature of each polyme r and afterwards diminishes

rap idly . The exposure periods f o r  mice that are gub~ ected to CO concen-

tra tt ons above -~OO ppm are l isted in Table IV . The longest period dur-

ing whI ch the concentration is above 2000 ppm is five minutes. Comparing

these results ~,Table IV~ wit h hC 50 values reported for CO using Swiss

Albino mice in Table I which cites 350 ppm f o r  a 30-minute exposure , our

conclu sion Is that the CO concentration monitored during the exposure per-

iod for any of the polvphosphazene samples tested is considerably less

than .hat is required to cause fatalitie s in mice. The maximum CO level

found f - ’r samp l e ~ Is about 9~’50 ppm . Although this concentration pre-

vai.s for 1555 than one mlmute .the act ual CO received by the animals in

the vtcinit : of this peak , corresponds to about 6000 ppm rver a 3 minute

interval. Such a CO level may be lethal.

ince no synerg Istic effects are found for HCN and CO gases in com—

bj n a t i c r .s and hecause the potency ratio
17 of HC~ :C0 • 45.5:1 , these

gases can be treate d as an additive mixture of these c omponents, as if

oni” ‘n, ass were present. The effect of HOl and CO from the poivphoti—

phazen es tested In this investigation would only account for about half

the toxicity requi red to reach the LC~0 level for  the last four

- - -
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• polyphoaphazene s that we have classified as ‘toxic of wood” in Table III.

An even smaller contribution for the first three materials is noted for

those placed in the category “more toxic than wood ” polvphosphazen es.

These results clearly indicate that for the polvphosphazenes studied

other t O X I ,  substances must exist in the products ot degradation . This

~s partic u larly true ~or the “more toxic ’ poly mers. Since all the “more

toxic ’ ~‘otvpho~phazer.es contain either chlorine or fluorine , I t is g us—

,ecced chat  a halogenate d compound may be responsible for the enhanced

toxIcit y of these polymers. ‘~bether or not this is t rue or whethe r

othe r phosphorous or nitrogen containing substances together  w t t h  HCN

and CC’ gases are responelb1e for the observed mortality rates will be

answered .‘n l ’ .- after ~ ‘re extensive chemical analysis of the combustion

of pol’:phosphazenes are completed In our laboratories using

c,C : MS methods .

3. Con’arlson of Total HCN and (~~ Values Amongst the ~‘o~yphosphazenes

Tukev ’ s Honest Significance ifference tHSD) test ’1 has been applied

to the HCN ~nd ~O measurements (corresponding to LC50 
levels). Results

are listed in Tib es ‘.‘ and “1 along wIth calculated HSD values based

upon one—percent c’;pe-i error (see Appendix I for details). Comparison s

of the total HCN concentrat ion (Table V ) detected at LC50 level for all

polvphospha:ene s examined indicate that the differences which exist among

the first fo :r samples of Table ill are not significant . However, the

total amounts of HCN for the last three samples of th i s Table

seem to be ~u t t a different from that in the first four specimens .

Comparison of the total CO content , among all possible pairs of means ,

• places tne polvphosphazenes into the following four groups:

t

‘I ~i

_____ -~~~~~~~~~~
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Group I : Samp les ~‘lO877 and 210878, which are polyfluroal.kyloxy—
phosphazenes

Group 2: Ar~ loxpolyphosphazene with chlorine attached , i .e . ,
poly(phenoxy—2,.., -dichiorophenoxy) phospha zene

Group 3: Arylox’~po1yphosphazene w~th bulky side group ,
polv(phenovx—2—naphthoxv) phosphazene

Croup ..: Arloxvpolyphosphazenes containing f i l l e r s , Navy sample
and samples 208896 and 208898

The difference for total CO c-cncentrac~ ons letected at an LC50 level is

significant among these four groups. Where there l ore than one sample

in a grow’, the difference among samples within the group is statisti—

call’: tnstgntftcant ~e.g., Croup I and Group ~~) .

The HS~ tests ~n the total HCN and CO concentrations found during

therrnal ~legradatton of polvphosphazenes reveal that additives as well

as side groups must pl ay an important role in determining the overall

toxicity of these samples. How these factors affect the decomposition

of polvphosphazene and t o  what extent they influence the cox~city is

only partial ly understood . C~nlv when a comprehensive analysis of the

combust~~’n products and mechani sm of deeradation of ~olyphosphazenes

are made as a functIon of t emperature in isotherma l and nonisothermal

stud ies wIl l the detai ls of the chemistry of de~radatLan be elucidated.

However, the anima l test carried Out SO far has provided a relatively

rapod technique far screening these polyphosphazenes without the

recourse t o  the comp lexities of degradation kinetics , which have not

yet been fully understood for these polymers. 

• 

~~~~~ -
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CONCLUSIONS

1. High toxicity is not necessa rily correlated with high HCN or CO

content for the polvphoaphazenes studied.

2 . Total HC)~ and CO concentrations measured during exposure period of

2) minutes (except perhaps for sample 0) are not sufficient to cause

death in the animals tested. ‘~th er  toxic substances must be present in

the decomposition products. When these are combined with HCN and CO

In sufficje~t amounts, they produce lethal results. This is especially

t rue for  the halogenated polvphosphazenes, which are more toxic than

• the others.

L Screening of the toxicity of decomposition products of polyphospha zenes

using an anima l test model have once again provided useful results for

complex polvphosphazene systems (with and without fillers). More

detailed studies of the pro ducts of degradation by CC/MS are needed to

fully comprehend the proble ms .
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FIGURE LEGENDS

Figure 1. -— Typical curves showing the weight loss—temperature rela-
tionship for Sample A , number 210877 film, which is pre—
dominatelv —OCH,CT.L with other fluoral1~oy side groups.
Filler 30 phr sfli~s: concentrat ions o~ HC~ and CO evolved
as s  funrtion of temperature up to 700 C; heating rate
35 mth 1. LC50 sampl. size used (see Table III).

Figure 2 — Typical weight loss—temperature curves for polyphoapb.azene
f oam , Samp le C, number 208896. Copolyser with phenoxy
and ethyphenoxy substitu.nts. Filler level 192 phr of
of Al,O.%, 3H,O, and Mg(OH), in the ratio 3:1. HC~ and CO
con~.atfat ig~s evolve d as & function of temperature up to
700 C at 35 min ’~ heating rate. LC50 samp le size used (see Table III )

F igure 3 —— Typical weight loss—temperature curves for polyphosphazene
copolyme r foam, Sample D , with phenoxy and 2 -naphthoxy
side groups. HC~ and CO concentrations evolved as a fugc_
tion

1
of tamperature up to 700 C at a heating rate of 35 C

~tin . LC
50 

sample size used (see Table III). 
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Table I Lethal inhalation concentrations of HCN and CO.

Table II Details of polyphosphazene compounds used in this study.

Table III Results of HCN determinations from the thermal decomposition

of polyphosphazen.s up to 700 C.

Table IV Results of CO studies for the polyphospha zene s of Table II.

Tab le V Pairvise comparisons of total HCN at LC 50 levels;

HSD • 16.68; 12 type I error .

Table Vt Pairvise comparisons of total Cr at LC
5~ 
levels;

HSD • 108.01; 12 type I error.

- •
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Table 1. LC50 Values of H~~ and CO 

18

Concentration Exposure Time

Gas Species 
— 

ppm Mj~~ Reference

HC~4 rats 380 5 14

rats 200 30 15

rats 1..1 30 15

rats 100 30 17

mice 323 5 18

CO rats 4800 30 17

rats 5500 30 ‘5

mice 3570 30 16

ra t s  5 14

8800 10 15

a 
a 

________ •
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~‘A8LE II Detafls of polyphosphazefle samples used in this study

Sample Side Groups Filler

A 21~87~ film -OCH CF with other 30 phr silica
fluo~oahyoxy groups

3 ~‘ S ’ ~ ‘i1~n Same as .‘~ 30 phr carbon black

~ 
~f l e r O x y - 2 . 3- ohenoxy none

P 2,4,-dichiorophenOxy

~ ~nenoxy- - R phenoxy none
naon P~Oxy 

P1 2.naphtnoxy

E Navy foam P pheno xy unknown
P1 ethy i phefloxy

F 208898 foam sam e as £ 144 phr of 1:1
A1 203

.3H2
0 and Mg(OH)2

a G 208896 foam Same as E 192 phr of 3:1
A1203 

. 3H20 and Mg(OH)2

: 1
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TABLE V Pairwise comparison of P4CN means . HSD 16.68

_____  
A B 

~ ...L .L .1 .
A ( lZ ) b 

- 8 3 2 34’ 17’ 21’
b9 (4 )  - 5 6 42’ 25’ 29’

b
- 1 37’ 20’ 24’

D( 1 0)~ - 36’ 1 9’ 23’

E( 46~~ -- r” 18*
b

F(29)  -- 4

--

a
Sample descriptions g~ven in Table ~~.

b
Total HC~’4 detected In mg .

C

Indicates differences is statist ically significant , i .e. 16.68

_ _  _ _ _ _ _  • ---- ——
- - -

a — — •
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TABLE VI Pairwise comparison of total CO at LC50 l evels.

HSO a 108.01 ; l~ tyoe I error

Sample
a 4 8 C D E G

~~45~
b 

2~O 530 393 374 432

8(30 ) -- 176 496 359 340 398

C( 256) -- - ~2C 1~~ 164 118

137 156 98”
E(4 39 ’ ‘9*. ag..
F( 420) - - -  59”

descrtclt?ons ~~ven in Table I.

bTota l CO In mc.

“ Difference s ta t i s t ~ :a~ly ‘ns ;r’1’~ :ar’t . ‘ .e . c108.0l .

4-

‘b
_ _ _ _ _ _  

_ _  ~ _~~~~~~~~~~~~~~~~~~~~~ 1
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Appendix I

In the tukey procedure we first of all carried out an F—test based upon the

hypothesis that - x .  — 0, where the subscript J refers to the number of sam-

ples studied. In our case represents the average HCN or CO concentration

based upon duplicate results for a part icular  sample , and z. is the grand aver-

age of the HCN r the CO concentration for all the resul ts being tested .

The statistics of the F—test are listed below . The analysis clearly

rejects the hypothesis of — x .  • ) , thus indicating tha t a significant dif—

ferenc . exists among the MCII or CO concentrations.

Source SS5 dfb I MS~ -

MCII Between (among) 2937 7 — 1 — 6 489.5 51.91*
samples (85)

Within samples 66 
- 

1 — 7 • 9.43
(WS)

- otal 2997 -~ 14 — 1 • 13

CO Source

- Between (among) 502002 — 7 — 1 — 6 83667 211.58*
(BS) samples

Within samples 2768 14 — 
- — 305.43

- (WS) $ 1

Total 504770 I 14 — 1 • 13 
-

~

‘Significant at l type 1 error (i • 1%). Type I error is defined as the

error that occurs when the experimenter rejects the hypothesis when it is true .

• a Sta of squares
b Degree of freedom
C Mean of sum of square .

d v • ~ IMSws J

‘l,

• 
•~~~
—•-

~~~
-•-—-— - --- -— —----- --

~~
----

a 
~~~~~~~~~

- - - • -  - -  
~~~~~~~~~ - - ~~~~~~~~~~
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tukey ’s test was used to make all pairvise comparisons of samples and to

locate the source of the difference in the F test. Tukey ’s formula

HSD • q ,j
SS

~s /df .ws

wh ere in our study

n • 2 (dupl ica te  experiments)

q 01,7 • .68 (from Tukey ’s table)

SS~~ • 66 and 2768 for MCII and CO respectively

df.WS - 7 for both HCN and CO

Based on this formula, the calculated HSD’s for MCII and CO are 16.68 and

108.01 respectively. If the absolute difference of MCII or CO concentrations

between any two samples is greater than the corresponding HSD value , then the

d iff erence is said to be statistically signift~ant. Results of the HSD tests

are found in Table V and VI.

L.
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