Polyphosphazenes 2| 451} 1 FER

(Synthesis and Properties of Polyphosphazenes and its Applications)

1. ¥

Bolel olzelA mEEs T GRcth 2
Aol BAZE Bigesl iGEstAl APz ok ok
W9 HEESTE 350°C Ll koA #hirfgst
7 @Eel o JEE ol AelA #fyom widt
mTHES el AAdA o, olg
e HIEE A & A0 THHEEA ESG
5Tt SASA #oich, 2l vk el mEE
Gl 3k A Bhe T s AFA X
s =l 2 RN ERE S T B LEdE-S
Fort Inkarfgel v @BUkelr] = Felt. Bl
7 HENSE YT EEELSTEA S
silicone rubber & & 4 9 =d] A& {LT#E
f D HEERC N Aol T Kk
o] T WES Z#3 K BRIEE
ggstth = =hd o] 9lt}. Bife silicone rubber [
sl FEERY BAEE WREke] Az vwA EHT
HHEHS #x U e E#&S T 245 phospha-
zene polymer & 5 4 gltl. #%3] poly(orga-
nophosphazene) 2 Fsti FE RSl B
v e B e dk (RiEtERgel o, =d @&
@t = 4] organic nucleophile 9] o] uleha
I MBI - BEBR ME] 224 dhEd K
558 A9 kel gk et R EIEE
gpktko]l Aok, whebd RESMS] B 2 %
H9eHrol 4] phosphazene polymer el gk B4
7b o $- ZdatA APz glen, o7l 4

o

ZAA Q] R BB Rl el A A o2 o

AekBR THAR METER (Won Ho Jo
Department of Textile Engineering, Seoul National
University)

292

B T R

1. Poly{(dichlorophosphazene)2| & &

7}& 7b=h3t phosphazene polymer 24} 3= am-
monium chloride ¢} phosphorous pentachloride
9}e] FfEel fk3led @olA hexachlorocyclotri-
phosphazene( 1)g JFhtz st & 250°C
ofl A oF 24~48REHFQE InEkEle] AL T
%09 poly(dichlorophosphazene (1)-& & 4 3
o (A 1), 2 v EAEECR wheba) REEm
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system & Rffifpel = -$ st FRE (D)
< BMER BREA & A BEaRE] A
9 goj}x] 92A Fl), 249 E4 mechanism
& off e BHAn AA Sert FoA
o] EA mechanismo] %4 & HAEEE]
Al A RBES 29k, 2% 3FYE radical me-
chanism © 2 Maccallum @ Tanner? & 3]
A BE=HJASY, 252 radical & AT T+ 3
& system o] NSt EEERE
BIESE #5% sulfur o] oFel whel EAHEE}
wekAdnt s A S B2 55t 22 radical
mechanism & #7758 o} (scheme 1).
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Scheme. 1. Radical polymerization of hexa-
chlorocyclotriphosphazene.

= t}-& &+9] mechanism & ionic mechanism
o2 Allcock® o ﬁfﬁﬂ/ﬂ FUE AL, 25
& E & system & esr (electron spin resonance)
2 243 &8 olFY radical species% 235)
A FhRebx wEFH G, 2EL BEA system
9} conductance & {EE U B%FBEJJ EREE JIE
3tg ov, = Z} conductance &= TEHY #fT
S ZoETe AAE P = EEe
B{tol] &3 conductance & Bk % 250°Co
A FA3 S Raatgleh olH g BRE
Ed 2 3t th§3} 7+-& ionic mechanism & 3
78 v} (scheme I ).
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Scheme 2. Ionic polymerization of hexachlo-
rocyclotriphosphazene.

Poly (dichlorophosphazene) -& &% M-S 7}%] 5
Az, = BPez wEshg Kool M- B
st mEHLAHE P-Cl #ae] =R+ K
groll fksted ok sfEste]  #gel = phosphoric
acid, ammonia Z hydrochloric acid & 4
A "ok, wetA e o] =28 poly(dichlo-
rophosphazene)9] Cl & o} 2 HHEEHER X3
FogM 1 BHTE BEAND T P& Tk
] dA Bl ol2A T mKSM LE

vre f¥F°] phosphazene polymer 7} &S
]Oﬂ oz g},

. Poly(organophosphazene)2| &R

Z4E Rk poly (dichlorophosphazene) #&= 2]
AR poly (dichlorophosphazene) & 32.%9] H#k
%ﬁﬂ(ﬁﬂﬂ ¥ benzene, THF @ DMF %)o] &

o 2 BHF e Cl HHE A (organic

nucIeophlles) of KkalA AL waIA BRI
k. =1A poly(dichlorophosphazene)-& ben-
zene, toluene @ THF 9} 722 FiGH:AHd =
¢l & 2 HE5F &9 L THF, diglyme == ben-
zene %:9] ##He] 59l sodium alkoxide, sodium
aryloxide =+ amine #¥%ol A3 stz &
F (reflux) 50 A £ 24~48H:RIE-<F InEkdte
BRKES BT 293 S5 THES
water-ethanol BEHEKLE A3t NaCl &
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A A%t = benzene o kA BHY oligo-

(Ill
PNy,
Cl

ojgheo] HigkEmE kA HE#F poly
(organophosphazene)-& poly (dichlorophospha-
zene)o| 7}X| &= BMrEME W MM o=
REHY, =8 HRERES S =iy
WEN - LB HHel =ZEkA7 ol poly
(dichlorophosphazene) 2 precursor & ﬂﬁﬁ 3}of
A BREST BEEdozA pEstE HHEY
BOTE QS F o ~¥d§21§"311_r- poly (or-
ganophosphazene) homopolymer &= -§-¢] 8}z 2
RS T2 BuTEEE A Table 1ol
2 Al poly (organophosphazene)o] 2 7 =
o s1e,

2n NaOR
—— e

Table J. Examples of Poly(organophosphazenes)
Material Reference
Homopolymers
((CH30)2PNJ,, 1,5
[(CH3CH20)2PNj 15
[ (CFSCHZO) ZPNJ a 1, 5
[(CF3sCF2CH30)2PN] , 6
{(CFsCFCF2CH:0) sPN] 6
((CF3(CF3)¢CH;0) ,PNJ 7
((HCFCF,CH0),PN], 8
((CeHs0)oPN] , 1,5,9, 10
((p-CIC¢H40) 2PN} 7,9, 10
{(m-CICsH40) 2PN) , 9,10
[ (p~CH3CsH,0) 2PN) 9,10
((m~CH3CeH40) 2PN}, 9,10
((p-CH;0C6H0) sPN] 9
[(p~CH3CHCH40)2PN] , 9
((p-FCst,0) 2PN}, 7,11
{(m-FCsH,0),PN] , 11
((p~CeHsCHyCeHyO) 2PN}, 11
[ (3"CH3’4—CIC6H40) gPN ] n 10
({(p—CeHsCeH40) 2PN 7
[(CH;NH)PN) 13
[(CoHsNH) ,PN] 12
[(CFzCH:NH) ,PN) , 13
((CeHsNH)PN] 12
[(p-CH;0C¢H,;NH) ;PN , 14
[(CH3)2N)oPNJ 12
((CsHioN) :PNJ 12
294

mer & F&3
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IV. Poly(organophosphazene) Copolymer 2|
aR

Poly(dichlorophosphazene)«] Clef Ao F&
Folidel BiEe B o =4 phosphazene
coyolymer = 9 7 v 2Rl HEmARE
HHEHE e A s g ASA Fige
2 5t 2A & poly (dichlorophosphazene)
% 7k 9] 4 22 organic nucleophiles 8} &
foll RKEEAA = Fighel b 17( 3), g =
VF_T, sodium trifluoroethoxide 9 sodium penta-
fiuvoropropoxide 9] EAHEWS poly (dichloro-
phosphazene) 7} o]l FfEA A okso] {15 =
iR HEAHME =,

OR

. NaOR L
(‘L\PCIZ)n NaOR; i {1]) —h

¥ »+2n NaCl (3)
OR’

TRl g A @9 fiad npet o] =i
stv}he] organic nucleophile (NaOR) ol 43l 4] Cl
& 56%3] B3t poly(organo phosphazene)
homopolymer & &3 ¥ -2 homopolymer &
& Z59] organic nucleophile(NaOR') 2} &
f4 7 ligand exchange Kol {k3}e] ololx
= 7 ol o

O‘R OR
: NaOR NaOR/ |
(NPCL 00— (N= 2 B0 —en =Py,
OR OR
@
AW A e bulky organic substituent S

WA Cle] —#at B o5 5 2 o FHE
Mgl falA Ve A Cl& 5e4s Eigge
24 KEAERS dv kol Allen s Mo
tier!® 4.2 sodium 2, 2, 2-trifluoroethoxide of 1%
A —# &
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p-phenylphenoxide & RKEAA $tEAE (NP
(OCH,CF3) 5-x (OCsH,Cells) »] S AEA
% Allcock® %-& poly (dichlorophosphazene) <]
—3fo] Cl& dimethylamine o] Heate] BiEAA
(NP(Cl)N(C.Hs)2)a & B2 % o] 2] 7}A] primary

amine 3 KMEAA [NP(NHCH3)N(C.Hs),l,,

[NP(NHC;H5) N(C.Hs) 21, (NP(NHC,H)N

(C:Hs)z)n B (NP(NHCHo)N(CoHs)2l, 49)

poly (aminophosphazene) copolymer & &3 +=

o pzhd (2 5). Dieck 3} Goldfarb®: —Hh
RNH,

(NPOly) o~ NI NP (O N (CH D ~INPNHRINGH) )y )

=)} poly(aryloxyphosphazene) copolymer & &

Beted [NP(OCeHs) (OR)], % (NP (OCeH4CHy)
(OR)]), 4o EAEE Agich 94714 R=
C¢H;—4CHs, CeH,—4C,H;, CgHy—4—iso CsHy,
CeH,—4—sec—CsHa, CeH,—4—tirt—CHo, Cs
H,—4—O0CH,;, =< CeH,—4—0CH, %0t}
Bifo] oj2# #EF{btk phosphazene polymer
o} ApcATHEtEe] Jot 2 of R34 d 7= At
=3 A#ke] p-cyanophenoxy & poly (dichlo-
rophosphazene) ¢ ClejAlo] B#AZ F el A]
o] Cl& 2,2, 2-trifluoroethoxy s Bk
figse] —#7h nitrile(C=N)EE Ze FEEE
e g, 2 phosphazene copolymer &
A5 29 AT e = fUgs
nitrile group el trimerization—cyclization
Kol dolvtA &¥e H¥H RBEMAC
w9t 288 crosslinked phosphazene
polymer = v} $- BAY #EEl AFE H
&5l

V. Phosphazene Polymer 2| #HpydH

Table To] vhelut uhshzel x#Te phos-
phazene polymer & ‘%8 EEE] A TgE 74
=, =% poly (difluorophosphazene) 2 poly (di-
chlorophosphazene) & &4 —096°C 9} —63°Cell
A 1AL TgE: ZET olAL FFI A
ZElEEe| A Fofl (the energy barriers to in-
ternal rotation)7} ¥ ¥ehHE AL 7z7H,
mael g KAAE AFAA EHA K
SEHES A= ARTGE W Eligel 2] ZF
ol (% 0.1 kcal/mol repeating unit) & A A
ol t}?3, wleba] phosphazene polymer & {KifH
meA S FEY B FHE = AT
& poly (difluoro-and dichloro-phosphazene)

golq A 47 A 43 1980 749

(e]

2 stretching o] &3 A FHRHELE H2sA4 =
o}, 229 crystalline melting point &} glass
transition temperature ol & 7 0. 5<Tg/Tm
(°K) <0.679] BAfR7F BrE v, Table Io)A
X ule} o] alkoxy 8} aryloxy 2 B
phosphazene polymer & v|x3] H=l Oix=
bulky 3} aromatic B9 AHL7 £ Tgs
e AHE ¢ F Aok oA L bulky 3k
Eiagsol kA RFEE AR Felst Eob
A7l o Folrl, 29l phosphazene polymer =
HEel 5719 first order transition tempera-
ture & 7R E¥ 2% =& BES AL crys
talline melting point(Tm)Ql A& & 4 o
o2 g BEY ATO))LS BEAA &
#o) o] Hoj gt T(A)L DSC(differential
scanning calorimetry), DTA (differential thermal

analysis) @ TMA (thermal mechanical analysis)

(NGO
\
SCAN 2
Tl Tm
! t 1 ! 3
3] 52 100 150 23 250 X0

°¢
Figure 1. Differential scanning calorimetry traces on
a compression molded film of poly[bis (tri-
fluoroethoxy) phosphazene]. The second
shows the effect of slow cooling (300-30°C).
upon the appearance of the T(1) endotherm.
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o {k3lA] o5 5RE endothermic peak 2. KR4I
=] ¢ 21} (Fig. 1), optical microscopy ol {3
A zA A TQAAE fefdat 4
& 454 482 &5 dgen, ok Tmel
A vl B fEEEEZE AR A =gl ol d
T FHES BEtAE MEstA 35
A erort, vhit s shte] @EMeEA =
nematic liquid crystalel glolA &= A3}
¥ &F mesophormic state A9 Bkl &
Aoletz Huisl z Ak®. whebA HHRL I
oAl AJ7+sl% =] o]2] gk phosphazene polymer
o gEEREE TORGE % BE ek
g ubg] S5 9ok g Table TellA M)
o} 7ko] poly(diamino phosphazene)] Tg+
alkoxy 1= aryloxy Biffige] et 33| =
28 o F Aok, 743 oxygen linkage 7} A
gl EAA bR FACl RS Aae] B
i (basicity)o] Z7b3tel #4771 (bonding in-
teraction)o] A A WITEEE oA st =&

Table . Summery of Transition and Decomposi

obAl W ol eha REIE oA s Sl
Phosphazene polymer o] ZhZZEM: & KEAYS
2 RiFsch.  Poly(dichlorophosphazene) 2 ©F
350°C o) #] 2 & (depolymerization)s}e] cyclic
oligomer & ##3}w %627 2@ 7}x]9] poly(organo-
phosphazene) 2] TGA (thermogravimetric analy-
sis) Eigol A = #7 300°C F-Zoll A miHHA 7
REesE| g v} % 15.19.28  Table [ o o217} poly
(organophosphazene) ¢] E7FRERE7F  Hdhs] o]
olth. iyt TGA data & B4 THES HE
) B2 Hefgel s WS- A A
e wEd s Ll E FU14 vk
w o] my@pEe] A E i (CESHY] WETE) 7 Lol
F oo e} viAe] o BT B 73
o TGA Aol & o}5d BEEBASE YEhiA &
7] w§oltk, EiEe] poly (bistrifluoroethoxy-
phosphazene) 2] #srfie] ©l g Bzest e e
2. mechanism 3} kinetics o W& ZA3st B3
Qb2 ] Jo*? o fketm sz BT

tion Temperatures for Various Polyphosphazenes

Polymer T, *C T(D,°C Ta,°C Ta # 5°C

(F;P=N), —96 — —68* 190
(CI;P=N), —63 — —30%

(Br;P=Nla —15 — + —
[(CH30)2P=N], —76 — — _
{(CHsCH0)2P=N]x —84 -— — _
((CFsCHZ0)P=N], —66 80 240 H# 360
{(CeH:0)2P=N], 5.5 160 390** 380
((m-CICeH;0) 2P=N] 4 —24 66 370** 380
((p-CICeH4O) 2P =N], 4 167 365%* 410
((m-CH4CeH40) 2P = N), —25 90 348** 350
{(p-CH3CeH40) 2P=NJ}, 0.3 152 340** 310
((P-CH3CH,CeHs0) 2P =N]J, —18 43 e 285
((CsF7CH,0) (CFsCH,0)P=N]x —77 - — —
{(CH3NH)P=N], 14 140* — -—
(((CHg)2N)2P=N], —4 — - -
((CeHsNH) ,P=N]a 91 — — —_
((CH3NH) ((CH:CH,) 2N)P=N] 8 174* — —

*By differential thermal analysis or differential scanning calorimetry.
+Amorphous in the unstretched state —30°C to+30°C.

#By optical microscopy and differentia! scanning calorimetry.

*+By thermal mechanical analysis. **Decomposes with expansion.

# #By thermal gravimetric analysis.
nificantly different.
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Results obtained in argon or nitrogen. Values in oxygen were not sig-

Polymer (Korea) Vol.4, No.4, July 1980



Table I[. Solubility Behavior of Poly (organophosphazenes)

Solvent and Solubility Parameters

Tetra- Methyl s-tetra- Dimethyl
Polymer hydro- Chloro ethyl chloro- Cyclo- form-
Hexane Toluene furan from Ketone ethane hexanone Acetone Dioxane amide ‘Ethanol
7.4 8.9 9.1 9.3 9.7 9.9 9.9 10 1221 12.7
((CF5CH,0),PN), I | S I I S S I S I
[(CH3CH,;0):PN],, 1 S S NA NA NA NA NA NA S
((CeH50) 2PN}, I S@°C) S (50°C) S(70°C) S(90°C) I I I I
[(P-CH3C¢H,0),PN), I S S S S(70°C) S S®0°C) I S S(80°C) S(70°C)
((m-CH3CH,0):PN), I S(40°C) S S S(60°C) S(40°D) S(80°C) I I I 1
((p-CICeH0) PN}, I S(80°C) S S(40°C) S(70°C) S(40°C) I I S(70°C) I
[(m-CICeH40) PN),, I SU0°C) S S S(50°C) S S I S(40°C) S(50°C) I
((CéHsNH) PN, I S S S S S I S S i
((CFsCH;0)
(CsF,CH,0)PN),, Soluble only in freon and freon ether type solvents (Table VI)
[(CF3CH;0)
(HCF.CoPeCHLO)PN), 1 I s 1 I S@g°c) S S S s

I: insoluble, S:soluble at room temperature, S(°C): soluble at indicated temperature. Samples tested at temper-

atures up to 90°C. NA, not available.

mechanism & W= F39 {£EUEf (random
scission)o] YoJvtz = GIEELES AdA o =5t
o] unzipping o] #3} #%E & (depolymerization)
o] Ao} #5107 A X9 cyclic trimer 9}
tetramer 2 /EHKE ¥ (EikEH, 2 #58EY
activation energy = ¢F 40~45 kecal/mol 9 &

Byt

V. & 8 E

K] 4f5dh phosphazene polymer & 2
ol THF off g-38j3ted 2% 434 chloro-
formoll &3 gbch, m <7k Hifiel {ksted o
¥-329] @aFE kA Dk FEERlY &
& 3k}, Trifluoroethoxy (OCH;CFs) ol 9] sl &
Hhe EHTe 22 BmEY BEEHC &8st
1} heptafluorobutoxide (OCH,C:F7) &+ 722 7]
fluorocarbon o] k3] FHir=El AL RES HiE
ZHH) == &3 thuk freon o]} freon ether
9] g Elel sl 433t} Tablell ol phosphazene
polymer &} &34 o] fek=]el §lom, &3] poly
(aminophosphazene) & MM 83 31
polyelectrolyte 2] #:/#-S 1}elv] = phenylamine
B2 = benzene, THE % dioxane %9] &4
o g3 gkrt,

=2lH A4 A 43 1980 79

Vi. Polyphosphazenes 2| KR

yo BERGE(—70°~400°F)d A Agd 5
Qe Y] A28 e Eel g B
b @ukslAl #EfTE = o B8k BRis W
RBAZA & @S THEEA polyphosphazene
o] =-§- HHs}r},

1. 4S%EHRE '

Roes?® 3= poly (dichlorophosphazene) ol oF 4] =
t}2 F7}x]9 fluoroalkoxy %5 BEIAA ER
T4 (hybrid copolymer) & A3 oH (4
6).

Cl OCH,Rf
‘ RfCH,0ONa
"{l‘:’=N} "RFCH,ONa {IT—N}n (6)
Cl OCH:R/
)14 Rf=CF,
Rf' =n—C3F7

o] BIUILEAME EaNelw 229 Tg=
—77°C ol i HRBEE # 300°C o]tk 2E9
sl = TEels] ot freon oflwt H=th,
o] WA TWHL ERMEME, WMt U mEE
9] Hprd HEE 22 Y7 @ o O-rings,
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lip-seals, artic fuel hose W coated fabrics %
of FIAEE 4 3ich,

2. BRI MR 3 Setag

Phosphazene {b&47-& Q13 A9 £Eo] ol
- =7 ol EFHS RS AT 3or
o f¥9 cyclic @ oligomeric phosphazenes
£ oln] #EHAE| (fire-retardant agent) £4] B
# Bl A = olF] HFE el b€, = poly
(aryloxyphosphazens) 3= Wi¥fye=z /EESS
g 48 BaTHET hEE 9 A =
LOI(limiting oxygen index)%
4:3] p-bromophenoxy & &% polyphospha-
zene 8] 79 LOI 7} # 6584 o] PE(LOI=
17) ¢k PS(LOI=18) #=} w] sl $EFH3E LR
Prol 9l 8-& o 4= gltH(Table ).
Table [J. Limiting Oxygen Index (ASTM D2863) of

Some Poly (aryloxyphosphaznes) and Com-
mercial Plastics.

Polymer LOI
Poly (aryloxyphosphazenes) 7-65
Polyethylene 17
Polystyrene 18
Nomex 27
Nylon 6-6 29
Polyvinylidene fluoride 44
Polyvinylchloride 47
. #% &
1ol A a“ 2 ul9}zto] polyphosphazene &
T ’% B TEEEE, W R RNERIE %
74A 3 817 ‘”ﬂ of AE§ EHTHEEA A
we) Aol ¢ T BATFH AL =
g poly (dichlorophosphazene) sr¢] Cl 9] Bl
o FiFste] EEetE EHREE o =507

2

" E—"Jf‘a‘ 4 971 W&ol FiEel & amino acid
E ClgAd A#AA ABER G5 THUER
o] %81— ZI: 9\]\,: 7}:;/14 o] EJLEJ 01 om]ST ok
o 2% o H¥d W Fiish FAE
A=, St AAA SHelA "345}%%“41
a %@T(ﬁﬂ B Achzg o Eel 8
o mEHS Aey] e Ao AEA,
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