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Abs tract : The cyclic phosphazene , 2- (2—propeny l ] pentafi uorocyc I otri phosphazene
(t43P3F5C(C$3).cH2) readi ly undergoes radical copo lymer ization wi th v inyl benzyl
chlori de or styren e. This process leads to a range of copol ymers wi th variable
(6 to 38%) phosph azene content. The rel ative reactivity ratios of the monome rs
have been determined. These new copolymers have been charact erized by NMR and
ZR spectro scop y. Molecu lar weights of the sty rene copo l ymers decrease with in-
creasing phosphaz ene content (M

~ 
117 ,000 to 33,000; M,,~ 75 ,000 to 25,000). All

copoly mers exhibited a fairly l~ v degree of po lydi spersit y . Thermal studies (TGA
and HPLC) sh w , that inclusion of the phosphazene unit does not drastically affect
the (the rmal) stabi lity of the vin yl polymers.

1~
~~4 1S
b o G

fl

1US~UCP ~~

\

78 07 2~i
~~~~— ~~~~~~ —~~~~~--~~~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —.- -



~~~~~~
- -

~~—~~~
---- _ i

•~
_ •___ ~~~__ ~~~~~~~, .

~~~~~~~~~~
— . - - ~~~~~~~--—~~~—~~~~~~ ~~~~~~ --~~~~~ -~~ 

- 

2 !

The problem of construction of non-flaninable synthetic polymer systems is one
of contemporary technological significance.2 Traditionally, flame retardents have
been simply additives such as antimony o~ychloride,2’3 ‘phosphate esters2’3’4 or

cyclophosphazenes.3’5 More recent efforts have Involved non-flaummble polymers
such as polyphosphazenes.6 There are difficulties associated with each of these

approaches. The possibility exists for the additives to leach out overtime and the
additives often represent biohazards . Current economic factors do not favor wide
utilization of the polyphosphazenes. An alternative approach to those described
above is the Incorporation of the flame retardent into the polymer backbone7.

Recent work In our laboratories 1’8 has been directed towards the synthesis of
organophosphazenes with exocyci Ic functional groups capable of undergoing various
synthetic transformations. As part of this program, we have investigated the
radical copolymerization of 2- (2-propenyl)pentafluorocyclotriphosphazene w ith two
vinyl monomers (styrene and vinyl benzyl chloride). The aim of these studies is
to develop a method for incorporation of the flame retardent properties of the
phosphazenes Into traditional synthetic polymers.

~~~~~~~~~~~~~~~~ Hexachiorocyclotriphosphazene (Ethyl Corp.) was converted to hexa-
fluorocyclotriphosphazene which in turn was converted to 2- (2-propenyl]-pentafluoro-
cyclotrlphosphazene 1 by previously reported procedures. Coninercial grade vinyl
benzyl chloride was kindly provided by Dow Corp. and stored at O.C. Prior to use,
the monomer was extracted with dilute base In order to remove nitromethan. and t-
butyl catechol Inhibitors. The monomer was then dried over N 2C03. Prior to use,
several drops of vinyl benzyl th1v~rid were added to 100 ml. of methanol In order
to detect any polymer that may be present. If no turbidity was observed, the monomer
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was assumed to contain no polymeric impurities. High purity styrene (>99%) was
purchased from Aldrich Chemical Co. and stored at 0 C.  Upon addition of the monomer
to methanol, no turbidi ty was observed, hence It was assumed that no polymer was
present. This assumption was confirmed by 1H nmr measurements .

NMR spectra (Cod 3) were obtained on a JEOL C60-HL spectrophoto-
meter at 60141z OH). Infrared spectra were obtained on nujol nulls using a Beckman

IR-20A spectrophotometer. Thermal analyses were obtained on a DuPont 900/950 unit
with sample in He flow atmosphere (IOOml/mln) and a 10 C/min. heating rate. Gel
permeation chromatography was performed on a Waters AVC 202 high pressure liquid
chromatograph equipped with Wate rs l0~ and l0~ A inicrostyragel coluems. The colwms
were calibrated wi th polystyrene standards (Wate rs).9 Both the copolymers and
standards were run as 0.10 to 0.15 weight percent solutions in toluene. Weight

average molecular weight data was obtained in a sedimentation equilibrium experi-

ment10 using a Beckman Model E ul tracentrifuge with cyclohexane as the solvent. The

density of the copolymer was estimated as l.20g/cm3 (by flotation In aqueous K2C03).
Menbrane osmometric data was obtained from Arro Laboratories, Inc. on a Hewlett
Packard 502 instrument using dlmethylforniamide as the solvent. Data at four concen-
trations (.252 to 1.008g/lOOml ) were extrapolated to Infinite dilution. Elemental
analyses were performed by Robertson and Integral Analytical Laboratories.

~pji~v).CbJ~Jor~~ . Freshly distilled 2- (2-~iropenyl I pentafl uorocycl otri phosphazene
(PPF) and purified vinyl benzyl chloride (VBC) were added in various mole ratios to
thick walled test tubes containing 0.1% benzoyl peroxide initiator. The tubes were

flushed several times with dry nitrogen, stoppered with rubber bulbs and put Into an
oil bath heated to 80 ± S.C. for 36 hours. Following polymerization, the pale

yellow gals were dissolved in 10-15 ml. of acetone and filtered in order to remove
any Insolubl, material. The acetone solution was then added dropwise to methanol in 
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order to precipitate the copolyrer. The copolyner was then filtered, dissol ved in
acetone and reprecipi tated several times. The material was then dried and submitted
for analysis in order to determine the phosphazene content of the various copolymers.
These results are given In Table I.

NMR: 1H:6(Ar—H)7.0(broad doub1et) ,~(CH2-Cl)4.5(broad singlet), 6(aliph4~)1.5
(broad sIng1et~), 6(dH3).50(broad singlet). IR: 2900(m), 1700(m,CC str), 1450(m),

1350(m) , 1260(s, PM sty), 950(sPF assym), 840(s, PF sym), 700(m).

The

procedure for this preparation was identical to that used for the VBC/PPF copolymer
with the exception that styrene was used in place of VBC and that polymerization
time was 4—10 hours . The analytical results are s iaiunarlzed In Table II.

NMR: 1H:6(Ar—H)7.5(broad doublet), 6(aliph . H)2.5(broad singlet), s(CH3)l.6

(broad singlet). IR: 2940(m), 1600(m,CC str), 1500(m) , 1450(m), 1370(m), 1260

(s,PN str), 1000(m), 940(s,PF assyin), 820(s,PF syin), 750cm), 700(s).

Treat-

ment of 2-(2-propenyl]pentafluorocyclotriphosppiazene with benzoyl peroxide for several

days under conditions identical to those employed In the copolymerization experiments
produced trace quantities of oligomers as indicated by nmr absorptions in the alkane

region. However, the bulk of the phosphazene remained unchanged.

The approach to polymer synthesis chosen for this investigation was radical poly-
merization of an olefinic cyclophosphazene. In this way, we planned to develop a
system where the cyclophosphazene unit is appended to the backbone of a traditional
organic polymer. Although allylaminocyclophosphazenes have been shown to undergo
radical Induced polymerization yielding insoluble cross-linked resins,~ 2- E2-propenyl]
pentafluorocyc Iotrlphosphazene (PPF) does not undergo significant hounopolymerization
via benzoyl peroxide activation. However, Initial experiments indicated that PPF could 
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be induced to undergo free radical vinyl copolymerization with styrene derivatives.
Therefore, a series of control experiments were carried out, in which the mole ratio
of vinyl benzyl chloride (vBC) to PPF In the monomer feed was varied. This allows one
to produce a range of copolymers with variable phosphazene content. Infrared data in-
dicated that the PPF unit had been incorporated Into the copolymer backbone by poly-
merization through the —C(CH3)=CH2 group, as shown by the disappearance of all olefinlc
absorptlons and the retention of the nearly unperturbed vPNP and vPF stretching vibra-
tions. The 1H PIMR spectrum also showed the complete absence of peaks in the olefinic
regIon. The elemental analyses and percent conversion data for five VBC/PPF copolymers
may be found in Table I. Since only the phosphazene unit contains nitrogen atoms, the
weight percent of nitrogen can be used to calculate the mole ratio of VBC to PPF In

the copolymers12 and this result is also Included in Table I. Thus, one can represent

the polymerization reaction as follows:

H_tzCH2 
C6H5~-0-0-~-C6H5 3P3N3F5~~dH2 + x 

~ —4CH——CH~ 1—cHj)~
P3N3F5

x~~ 0.1l to 7.69
tH2C1

y~~0.06to 0.62

The question of orientation of monomer units (head/head vs head/tail, etc.) cannot be
resolved with the limited data available In this investigation. The yields in the
synthesis of the VBC/PPF copolymers were less than 10%, therefore the method of Finemann
and Ross 13 was used to calculate the reactivity ratios. The results of these calcula—
tions give r1(for VBC) equal to 1.59 and r2(for PPF) equal to 0.014. The low relative
reactivity of PPF towards radicals in this system and the low yields of the copolymer
prompted consideration of another organic monomer, styrene, for further Investigation.

_ 
_  
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A range of styrene/PPF copolymers were produced via free radical polymerization.

The infrared data showed loss of the olefThic absorptions and retention of unperturbed

‘4~NP and WF absorptions . Similarly , the NMR spectrum indicated the loss of ole—
finic protons. The elemental analyses, percent conversion, and mole ratio of monomers 12

in each copolymer is found in Table II. The polymerization reaction in this case can

be represented as follows:

C6H 00~C H5 
CH3

P3N3F5CIIcH2 + X ¶H~cH2 A 
6 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ c — — cii~+~
cH3 C6H5 C6H5 P3N3F5

x~~ O.1l to 4.0O y= 0.O7 to O.58

The weight conversion of the styrene/PPF copolymerizatlon reaction was in excess

of 10%, therefore the Mayo-Lewis 74 method was used in order to determine the reactivity

ratios. The results of these calculations give r1(for styrene) equal to 2.20 and r2
(for PPF) equal to 1.35. Table III shows the relationship (In terms of reactivity

ratios) of PPF to comevon organic monomers which form copolymers with styrene.

In order to further probe the nature of the PPF monomer in this system, the values

of r1 and r2 were coutined with the Alfrey-Price equations.
15 For PPF, the calculated

value of the polarity parameter, e, is 0.18 and the resonance parameter, Q is 0.21.

In a qualitative comparison to styrene (Q - 1.00; e • -0.80), one can see that compared

the styrene, the olefinic center in PPF Is highly polar but without substantive ten-

dency to resonance stabilization . The high polarity of organic i-electron systems,

such as aryl groups, bound to the phosphazene ring has also been deduced from 1H16 and

nuur data. Aryl group/phosphazene uuusoumric interactions are more controversial11
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and evidence has been presented both for18 and against19 such effects.

The fact that r values for both styrene and PPF are greater than unity is Un-

conmion and corresponds to a tendency to form block copolymers .20 This Is In contrast
to the observation of no significant homopolymerizatlon of PPF with benzoyl peroxide

activation. The resolution of this conflict Is unclear at this stage. One possibility

is that in the copolymerization reaction, PPF is activated by a styrene (or styrene

oligomer) radical and hence is reactive towards additional PPF units. When activation

of PPF is by radicals derived from benzoyl peroxide, the resulting PPF radical may

exhibit reduced reactivity due both to the polarity induced by the phosphazene unit and

by electron delocalization through the aryl unit.

Molecular weight data for the styrene/PPF copolyiners may be found in table IV.

Data for all copolymers was obtained from gel permeation chromatography and as a check,

one of the copolymers was also examined by alternative methods. The agreement beb.een
chroauutographic and untracentrifuge results for the weight average molecular weight is

good. The number average molecular weight values differ somewhat but this may be re-

lated to diffusion of low molecular weight species across the membrane and hence a high

apparent molecular weight from membrane osmonetry. It is interesting that the copolymers

have a fairly low degree of polydisperslty (f
~
/MN). Furthermore, the amount of PPF

incorporated into the copolymer does not seem to effect ?r~/M~, rather It effects and

Mq individually (Figu re 1). It appears that increasing the amount of PPF In the copolymer

results in lower molecular weights, hence one might suspect that the PPF may have a higher

probability of acting as a chain terminating or chain transfer agent.

The copolymers appear to be true copolymers as opposed to a mixture of homopolymers.
The copolyuuers are readily soluble in acetone/methanol (1:1) • diethyl ether, and low

molecular weight hydrocarbon solvents none of which . are solvents for the parent organic

homopolymers. This was furthe r confir med by gel permeation chromatography of the co-
polymers, as only one peak was observed.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~ —__ .-_ - ~~~~~~~~~~~~~~~~~~~ — — —
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The copolyiners are stable to dilute acid and base solutions. This is In marked
contrast to polydichlorophosphazene which readily undergoes hydrolysis, even in the

presence of atmospheric moisture. This resistance to hydrolysis may be a result of

shielding of the fluorocyclotriphosphazene moiety by the hydrophobic styrene molecules

as well as the greater stability of cyclotriphosphazene phosphorus-fluorine bonds.

Initial data on thermal stability, via thermal gravimetric analysis, for the co-

polymers is given In Table V. Note that the incorporation of the PPF unit into the

copolymer does not appear to lead to the destabilization which might be expected due

to bulk of the P3N3F5 ring. Also note that the molecular weight of the copolymer does

not drastically increase or decrease (Table IV) when the copolymer is heated at a

moderate temperature for a long period of time.

Both of the copolymers were found to be flame retardant under normal atmospheric

conditions. Qualitative tests were carried out simply by holding a flame source to the

powdered copolymer. Pure VBC and styrene polymers readily ignited and sustained a flame,

but the copolymers, even when soaked in flanmiable solvents, would self extinguish.

This Is not surprising since the copelymers contain substantial amount of phosphorus

and nitrogen, which are well known fire retardan1S~~
4

This work was supported, in part, by the Office of Naval Research.
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Mole-Ratio-VBCIPPF
Run %C %H %N Initial Product % Conversion (wt.)

1 64.9 5.49 1.55 9.00 15.7 6.25

2 55.8 4.94 3.78 3.41 5.50 5.10 
-

3 51.4 4.67 5.04 1.24 3.60 4.20 
-

4 43.4 3.98 6.74 0.50 2.20 9.35

5 39.4 3.78 7.97 0.13 1.60 10.5

•—•-——- —
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Mole- Rati o-Styrene/PPF

S Conversion
Run SC %H SN Initial Product (wt.)

7 79.40 7.02 2.32 9.00 14.8 22.0

2 69.67 6.28 4.14 4.00 7.00 20.7
3 55.60 5.20 6.88 1.38 3.25 38.0

4 48.05 4.48 8.39 0.66 2.20 40.4

5 43.90 4.10 9.25 0.25 1.73 36.7
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— Table 111

________ __________________  ____ 

r2

Styrene Methyl Methacrylate 1.0 1.9

Styrene Acrylonitrile 1.0 2.5

Styrene Vinylidene Chloride 1.0 5.4

Styrene PPF 1.0 0.45

Styrene Vinyl Chloride 1.0 0.05

Styrene • Vinyl Acetate 1.0 0.02

a data from: M.P. Stevens, “Polymer Chemistry An Introduction,”
Addison-Wesley, Reading, MA (7975).

b styrene set at 1 .00 In order to serve as reference radical

- -
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Table IV

Mole S P.P.C. b b 
/Run # in Copolymer 

________ ________ 

MR 
TM

N

1 6.3 92k 66K 1.39

2 12.5 75K 60K 1.25

3 23.5 39K 29K 1.34

4 31.2 36K 26K 1.38
• 5 36.5 33K 25k 1.32

20.3 117K 75K 1.56

6 20.3 i16K C 7O5Kd 1.10

7e 20.3 101K 60K 1.68

a Weight S conversion • 65%.
b Gel permeation chromatography, 10 A microstyragel coluams .
C Ui tracentr i fuge (sedimentation equilibrium) .
d Mei~ rane osmometry
C Sample 6 heated 0 l2O C. for 24 hours. 

~~~~~~~~~ - -~~~~~~~~~~~~ -~~~~~~~- -- —~~~~~~~~~~~~~~~~~ • - - -  -~~~~~~~~~~ - -~~
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Table V

~~~~~~~ fo~~ o1~~ rs and Copolywers

Polymer T50%

VBC 455’C.

VBC/PPF 480°-485 C.

‘ Styrene 425’C.

Styrene/PPF 440-450’C.

•=
~~

- .



16

Figure 1. VarIation of Stynene/PpF
Copolyiuer Molecular Weight with
Mole % PPF.
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