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ScOH bonding. Especially in this catagory fall 
transitions from the strongly bonding eU(Np,) and 
bl,(Np,), the latter gaining intensity as the complex 
goes from D 4 h  to c k v  symmetry. Both these possi- 
bilities not only destroy approximately 25% of the 
nitrogen-to-metal 3d overlap population, weakening 
the covalent bond, but also represent electronic charge 
transfer which results in excited states with a net nega- 
tive charge on both the Sc atom and its neighboring 
nitrogen atoms. The analogous transitions in the 
vanadyl complex are predicted much to the blue and, 
because of the more local nature of the e,(d,) ligand 
field orbitals, are predicted considerably weaker. 
As the e,(d,) orbitals in VO porphin are calculated 
mostly on the vanadyl group, such transitions are not 
strongly metal-porphin antibonding. The implica- 
tion is that  ScOH porphyrins, if made, could photo- 
dissociate even if the vanadyl complex which we are 
using for comparison does not. Although the nature 
of the eg(d,) MO’s is somewhat sensitive to the as- 
sumed geometric relation between the Sc atom and the 
porphin plane, no significant change in this analysis 
is indicated when this distance is varied from 0.5 to 
1.2 A. 

Although the metal character of the e,(d,) MO’s is 
somewhat sensitive to the location of the Sc atom, its 
position above the bz,(d,,) orbital appears not to be so 
dependent. For distances between the Sc atom and the 
porphin plane varying from 1.2 to 0.5 A this orbital 
energy difference is 0.66 + 0.03 ev. Likewise the 
energy gap between the principal aIg(dZz) and bz,(d,,) 

ligand field orbital is rather insensitive to such geometry 
changes. In contrast to these, the energy of the b1, 
(dZz+) above that of the bzg(d,,) is strongly dependent 
on the location of the Sc atom above the plane. A 
similar result was found for VO c~mplexes .~  For the 
0.9 A calculation, the orbital energy difference between 
the two is estimated a t  2.35 ev and is calculated to 
change -0.2 ev/O.l Afor distances of 0.9 * 0.3 A. 

Conclusions 
Extended Hiickel calculations on ScOH porphin 

have failed to indicate any inherent instability of the 
molecular ground state. However, these calculations 
do indicate that the ScOH complex could deviate from 
the “normal” transition metal porphyrin picture created 
by the extended Hiickel modeL3 Foremost among the 
unusual results noted is that eg*(T), normally pure 
porphin T ,  has large 3d, character, while e,(d,) extends 
considerably into the porphin T system. Electronic 
transitions to these MO’s could both alter the normal 
T -+ T* porphyrin spectrum and lead to excited states 
in which the Sc to porphin bonds are greatly weakened. 

Acknowledgments.-This research was supported in 
part by Public Health Service Research Grant GM- 
10833, from the Division of General Medical Services. 
The calculations were performed a t  the Computation 
Center a t  Harvard University, which courteously pro- 
vided the necessary technical assistance. M. 2. 
wishes to thank the National Institutes of Health for a 
predoctoral fellowship. 

CONTRIBUTION FROM THE CHEMICAL DEPARTMEXT, CENTRAL RESEARCH DIVISION, 
AMERICAN CYANAMID COMPANY, STAMFORD, CONNECTICUT 

Phosphonitrilic Compounds. V1.I 
High Molecular Weight Poly(a1koxy- and aryloxyphosphazenes)2 

BY H. R. ~ L L L C O C K , ~  R. L. KUGEL, AND K. J. VALAN 

Received May 16, 1966 

The synthesis and characterization of the first fully substituted, high molecular weight, uncross-linked poly-( organophos- 
phazenes) is described. Polymers of structure (NPR2), were prepared in which R was OCHI, OCzH6, OCHnCF8, and 
OC6H6, by nucleophilic replacement of chlorine in uncross-linked (NPCL), with alkoxide or aryloxide ions. Infrared, ultra- 
violet, nmr, glass transition, and X-ray diffraction data are considered in relation to previous structural interpretations of 
the polyphosphazene system. The marked depolymerization tendency and the nature of phosphorus-nitrogen bonding in 
these compounds are also discussed. 

Introduction 
The possibility that  high molecular weight, open- 

chain polymers, comparable in structure and stability 
(1) Pa r t  v: H. R. Ailcock and  R. L. Kurrel. I ~ ~ ~ ~ .  C h e w .  s. 1016 (1966). 

t o  silicones, might be derived from the phosphazene 
(phosphonitrile) skeleton has intrigued many investi- 
gators in recent Years. The fact that  the Phosphorus- 
nitrogen bond in cyclic trimeric and tetrameric ortyano- - .  - . .  

( 2 )  For  a preliminary account of parts of this work see H. R. Allcock and phosphazenes, (NPRz)~ and 4, showed evidence ofvhigh 
K. L. Kugel, J .  Am. Chem. Soc., 87, 4216 (1965). The  nomenclature used 
in this paper conforms to  the “phosphazene”-based system used previously.’ thermal and chemical stability provided encourage- 

(3) T o  whom correspondence and reprint requests should be addressed a t  
the Department of Chemistry, The  Pennsylvania State  University, Univer- 

ment for this view. It was also apparent that, if 
sity Park,  Pa.  16802. polymers of this type (I) could be synthesized, with a 
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variety of side groups, R, attached to phosphorus, the 
physical characteristics of the polymers might provide 
a valuable insight into both the nature of phosphorus- 
nitrogen bonding in phosphazenes and the influence of 
side groups on the bond rotational properties of polymer 
chains. 

Three principal routes had previously been investi- 
gated for the synthesis of macrocyclic or open-chain 
organophosphazene high polymers. These were as 
follom : (1) ilttempted polymerization of cyclic or- 
ganophosphazene trimers and tetramers under condi- 
tions similar to those required for the ring-cleavage 
polymerization of the halogen derivatives, (NPC12)3, 
(NPF2)3, and (NPBr2)3. 4-6 No high molecular weight, 
open-chain polymers have been prepared by this route. 
(2) By the reaction of organophosphorus halides with 
ammonium halides or metal az ide~.~- ]O~ The polymers 
produced by this method generally contained no more 
than about 20 monomer units. The only derivative 
which was suspected of being a high molecular weight 
species, [NP(CF3)2],, could not be characterized com- 
pletely, and the degree of polymerization was un- 
known.8 More recently, the polymer, [NP(CH3)2ln, 
containing up to 170 repeating units, was synthesized 
by the pyrolytic condensation of dimethyldiamino- 
phosphonium chloride. lob (3) By thermal polymeriza- 
tion of hexachlorocyclotriphosphazene. (NPCl2)8, to 
hydrolytically unstable, high molecular weight poly- 
dichlorophosphazene, (NPC12),, followed by replace- 
ment of the halogen atoms in the polymer by hydrolyti- 
cally stable organic groups. Previous attempts to 
employ this method led to the formation of partially 
substituted, cross-linked, or decomposed products,11-13 
and in no case was a pure polymer obtained which cor- 
responded to structure I. 

In  the present work, this latter route was employed 
for the synthesis of fully substituted, high molecular 
weight organophosphazene polymers of structure I, 
where Ii is alkoxy or aryloxy. 

Results and Discussion 
Syntheses.-The general reaction scheme used for 

the syntheses involved the steps shown below. 

(4) J. 0. Konecny and C .  hf. Douglas, J .  Polymei, Sci., 36, 195 (1959). 
( 5 )  J. 0. Konecny, C. RI. Douglas, and SI. Y .  Gray, ibid,, 42, 383 il960). 
(6) 17 .  See1 and J. Langer, Aiigoo. Cirein., 68, l G 1  (1056); %. A i i ~ g .  

Pi. E. Bean and I<. A. Shaw, Cilelil. I i l d .  

( 7 )  G. Tesi, C. P. Haber, and C .  hf. Douglas, Pi.0~. C i i ~ i i .  Soc., 210 (IlItiO). 
(8) G. Tesi and  C. M. Douglas, J .  Am. Chena. SOL., 84, 54!J (1962). 
(9) D. L. Herring, Chenz. I d  (London), 717 (1960). 
(10) (a) C. P. Haber,  “Inorganic Polymers,” Special Publication No. 15, 

T h e  Chemical Society, London, 1961, p 119; (h) H. H. Sisler, S.  E. Fraziel-, 
I<. G. Rice, and M. G. Sanchez, Inovg. Chew., 6, 326 (1966). 

Allgeirz. C h e m ,  296, 316 (1058); 
(London), 1180 (1960). 

(11) F. Goldschmidt and B. Dishon, J .  Poiy?nei, S c i . ,  3, 481 (1948) 
(12) hI. V. Lenton, B. Lewis, and C. A. Pearce, Chem. l i d .  (London), 

(13) C. F. Liu and It .  I,, Evans,  U. S. Patent 3,169,933 (1965). 
1387 (1064). 

I1 

I11 I V  

V 

Polymerization.-The thermal polymerization of 
hexachlorocyclotriphosphazene (11) to the polymeric 
“inorganic rubber” I V ,  in the temperature range of 200 
to 350”) has been described by many investigators. 14--20 

In most cases, the descriptions of the polymer indicate 
that its structure can be rationalized in terms of a 
cross-linked matrix, although in a few reports16-20 
soluble and apparently uncross-linked polydichloro- 
phosphazenes I11 mere mentioned. The present work 
has shown that the cross-linked polymer IV, frequently 
obtained from this reaction, is derived from a moder- 
ately labile, uncross-linked dichlorophosphazene high 
polymer 111. Both polymeric products may be iso- 
lated from the reaction mixturejZ1 but it is the latter, 
open-chain polymer which is an essential intermediate 
in the synthesis of high molecular weight, fully-sub- 
stituted organophosphazenes. The rate of polymeri- 
zation of I1 and the ratio of the two polymeric products 
are particularly sensitive to the experimental conditions 
employed. Relevant details will be found in the 
Experimental Section. 

The mechanism of cross-linking of 111 is at present 
uncertain. Polymerization of I1 to open-chain species 
appears to proceed by a cationic chain mechanism.22 
However, the possibility also exists that propagation 
could occur from middle units thermally initiated to 
[-.N=P@(Cl)Nw] [Cle] ion pairs, and propagation, 
by electrophilic attack on the nitrogen of a cyclic 

(14) References to  earlier polymerization work will be found in reviews 
by R. A. Shaw, B. W. Fitzsimmons, and  B. C. Smith,  Chens. Rea.,  62,  247 
(1962); C. D. Schmulbach, Progv. I m v g .  Chem., 4, 275 (1962); N. L. 
Paddock, Qzrnft. Rea. (London), 13, 168 (1965). 

(15) J. I<. Soulen and BI. S. Silverman, J .  Polywfe;, Sci., 1, 823 (196:3). 
(16) I<. Schenck and  G. Komer, Chem. B e y . ,  STB, 1343 (1Y24). 
(17) A. M. de Ficquelmont, Compf .  Rend. ,  204, 689, 867 (1’337). 
(18) F. Pa ta t  and F. Kollinsky, Mnkromol .  Chem.,  6, 2‘32 (1951). 
(10) I<. Knoesel, J. Parrod, and H.  Benoit, Compt. R e n d . ,  261, 2Y.U (1960). 
(20) F. G. R. Gimhlett. Polymer, 1, 418 (1960). 
(21) During the  coui-se of a polymerization reactiou a t  constant tempci’;L- 

tiire (250 or  300 zt 2 ’ )  the  yield of uncuoss-linked polymer rises to ii maxiinnn~ 
of about ‘io%,, the remainder being heptane-soillbie oligomers and low I I O ~ Y .  
mer. Formation of cross-linked polymer from the  open-chain iomm t h c ~ l  
OCCUI-s rapidly until, after gelation of the  mixture, the concentration (if  

uncross-linked polymer falls to  near zero. Before cross-linking occurs, some 
residual crystalline cyclic oligomers are always present, the  amount appar- 
ently decreasing with increasing concentration of 111. After cross-linking 
occurs, however, the  oligomer concentration falls rapidly lo near zei-o. 
These results can be interpreted in terms of a n  equilibrium (reversible) poly- 
merization of the  cyclic trimer 11 t o  uncross-linked polymer I11 and a largely 
irreversible conversion of the  latter to  t h e  cross-linked polymer IV. 

( 2 2 )  H. 12. Allcock and R. J. Best, Can.  J .  C h e m . ,  42, 447 (1965). 
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trimer molecule, would then involve the formation of 
branches. Reaction of a propagating terminal or 
middle unit with another chain would lead to cross- 
linking. Thus, if propagation and cross-linking are 

J r 
ClPCl @/--%k 'LLN 

II ,c1 
.3- P - (NPCL),N=PClZ 

c1@ 

competitive reactions, the latter would occur to a 
significant extent only when the former is retarded by 
depletion of the trimer in the final stages of the re- 
action. The purified, open-chain high polymer cross- 
links readily a t  150-250" in the absence of cyclic species. 

Substitution.-Nucleophilic substitution reactions 
with solutions of I11 have been carried out with the use 
of methoxide, ethoxide, trifluoroethoxide, and phen- 
oxide ions. The procedures used were similar to  those 
which have been employed for substitution of cyclic 
trimeric and tetrameric chlorophosphazenes. 23 In  each 
case, total replacement of chlorine was effected to yield 
organophosphazene high polymers V. Since the poly- 
mers formed by this reaction were particularly sensi- 
tive to depolymerization, the reaction temperature 
(below 130") was dictated by the need to overcome 
the steric hindrance to substitution (which was particu- 
larly evident with phenoxide ion) and the necessity 
to avoid depolymerization. The substituted polymers 
were of comparable chain length to the soluble poly- 
dichlorophosphazene (111), and a t  least 15,000 re- 
peating units were present in the higher molecular 
weight species. Substitution is not, therefore, ac- 
companied by a significant amount of chain cleavage. 

Structural Features. Chain Repeating Distance.- 
X-Ray diffraction measurements with oriented [NP- 
(OCH2CF3)2J, and [ N P ( O C ~ H ~ ) Z ] ~  showed that the 
chain repeating distances were 4.8 and 4.9 A, respec- 
tively. These values are very close to the 4.92 A 
repeating unit reported for (NPClJ.. 24  Since (NPClZ), 
has been shown to occupy an approximately cis-trans- 
planar configuration, 24 it  appears likely that the tri- 
fluoroethoxy and phenoxy polymers assume a similar 
conformation.26 This can be rationalized in terms of 
steric repulsion by the side groups. 26 

(23) See, for instance, B. W. Fitzsimmons and R. A. Shaw, Chem. Ind. 
(London), 109 (1961); J. Chem. SOL, 1735 (1964); and R. RLtz, H. Schroeder, 
H. Ulrich, E. Kober, and C .  Grundmann, J .  A m .  Chem. Soc., 84, 551 (1962). 

(24) E. Giglio, F. Pompa, and A. Kipamonti, J .  Polymer Sci., 69, 293 
(19 62). 

(25) Although the  most prominent X-ray layer line for [NP(OCeHa)s], 
corresponded to  a repeating distance of 4.9 A ( 5 t 5 % ) ,  other very faint  
meridianal arcs were also present. If these are considered to  be 001 reflec- 
tions, a repeating distance of about  10 A was indicated. These results might 
possibly be attributed to  a slight distortion of the 4.9 A arrangement (for 
instance, by a small lateral displacement of the  chain from a cis-trans planar 
configuration) which could result in a doubled cell. Attempts to obtain 
crystalline-type X-ray patterns from [NP(OCIH~)~] ,  were unsuccessful. 

(26) H. R. Allcock, Inorg. Chem., 6, 1320 (1966). 

Nmr Data.-Proton magnetic resonance values for 
(NPR2). were as follows (values in CJ, with solvent in 
parentheses) : R = OCH3,3.64 broad (CDC13) ; OC~HE,  
4.2 tetrad, 1.2 triad (CDCI,); OCH2CF3, 4.55 tetrad 
(CD3COCD3); OC6H5, 6.8 broad (CDC13). For [NP- 
(OCHzCF3)2]n the fluorine resonance was a triplet a t  
C$ 76.6. 

The following 31P values were obtained a t  -35" 
(values in ppm relative to triethyl phosphate: R = 
C1, 4-17.4 (benzene); OCH3, +3.5 (CDC13); OCzHj, 

+18.6 (benzene). The 31P shift values are particularly 
significant since in each polymer there is a positive 
shift. The equivalent cyclic trimers show a negative 
shift. The values for (NPR2)3 are as follows (center of 
spectrum in ppm): R = C1 (-20.8), OCH3 (-21.7), 

In  each case, the change from alkoxy or aryloxy cyclic 
trimer to high polymer involves a shift of approximately 
25 ppm toward higher field. The over-all difference 
between the trimeric and polymeric chloro derivatives 
is much larger (-38 ppm). For the trifluoroethoxy- 
phosphazene polymer the shift was not independent of 
temperature. I n  tetrahydrofuran solution the posi- 
tive 31P shift values for [NP(OCHzCF3)2]n were as 
follows (with temperature in parentheses) : 4.7 (-SOo), 

7.8 (+BO0), 7.9 (+70°), and 8.2 (+SOo). These 
changes were reversible and reproducible. The effect 
of temperature variations on the other polymers could 
not be followed as readily because of the poor solubility 
a t  low temperatures. 

Infrared Spectra.-The infrared spectra showed no 
evidence for the presence of OH or POP units. The 
principal infrared bands for (NPR2). were as follows 
(in cm-l): R = C1, 1300, 1230 s (P-N), 745 (P-N); 

+7.3 (CHC13); OCH2CF3, +7.5 (DMF) ; OC6H5, 

OCzH5 ( ~ - 1 5 . 3 ) ,  OCH2CF3 (-17.7)> OC6H5 (-9). 

4.8 (-69"), 5.2 (-SO0), 7.04 (+30"), 7.4 (+50"), 

OCH3, 1330, 1250 s (P-N), 1040, 820 (P-0-C), 
755 (P-N); OC~HB, 1380 (P-0-C), 1310, 1240 
s (P-N), 1050, 965, 800 (P-0-C), 755 (P-N); 
OCHzCF3, 1420 (P-0-C), 1280 s (P-N), 965, 880 
(P-0-C), 750 vw (P--N); OCeH6, 1200 (P--0-C), 
1310, 1240 s (P-N), 940, 800 w (P-0-C), 775 (P- 
N?),  760,690 (aryl). An important feature of the spectra 
concerns the position of the P-N stretching peaks in 
the 1250 em-l region. It is clear that  replacement of 
C1 in (NPC12). by OCH3, OCzHs, OCH2CF3, and O G H j  
has no marked influence on the main 1230 cm-l peak 
or on the nearby shoulder a t  1300 cm-1. However, 
the surprising result is that the position of this peak in 
the polymers corresponds closely to that of the equiva- 
lent peak in analogous cyclic trimers. For example, 
the following frequencies (in cm-l) have been recorded 
for (NPRz)3: R = C1 (1190, 1220), OCH3 (1235, 
1275), OCZHS (1220, 1240; 122527), OCH2CF3 (1240, 

The 1250 cm-l bands were attributed to an out-of- 
phase stretching mode in the polymer, and the 750 
cm-l band to an in-phase P-N-P stretch. Similar 
stretching modes can be assigned to the analogous 

1280)) OCcH5 (1160-1200). 

(27 )  B. W. Fitzsimmons and R. A. Shaw, Proc. Chem. SOC., 258 (1961). 
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bands near 1200 and 875 cm-l in the trimer. The 
splitting of the 1260 cm-1 band and the broadening 
(and possible splitting) of the 750 cm-1 band in the 
chloro, methoxy, ethoxy, and phenoxy polymers can 
be rationalized in terms of a cis-trans-planar polymer 
conformation rather than a trans-planar form. 

Ultraviolet Spectra.-The polymers with methoxy, 
ethoxy, and trifluoroethoxy side groups showed weak, 
diffuse maxima in the 270-280 nip region of the spec- 
trum in methanol or ethyl acetate (log E <1.0 per mon- 
omer unit). These corresponded to similar weak 
absorptions between -400 and 200 mp (log E <1.0 
per monomer unit) for [NP(OCH3)2]3 and [NP(OCH*- 
CF3)2]3 in methanol. For both polymers and trimers, 
the optical density varied with the method of purifica- 
tion, and the maxima were attributed to the presence 
of trace impurities. 28 No longer wavelength bands 
were evident. The phenoxy-substituted polymer 
showed an absorption in chloroform a t  A,,, 264 mp (log 
e 2.96 per monomer unit) which was attributed to the 
aryl unit. 

Glass Transitions and Polymer Crystallinity.-The 
glass transition temperature of a polymer is believed to 
represent the temperature a t  which rotation of the 
backbone bonds becomes possible, thereby allowing 
the material to assume the properties of a rubbery 
polymer or elastomer. For polyphosphazenes of struc- 
ture (NPR2)3, the glass transition temperatures varied 
with R as follows: R = C1 (-63'), OCH8 (--'76"), 
OCzHj ( - - 8 4 O ) ,  OCH2CFB (-6B0), and OCcH: ( - S o ) .  
These values corresponded roughly to the barrier 
height to P-N bond rotation in terms of the maximum 
steric interactions of the side groups. 

The chloro, trifluoroethoxy, and phenoxy deriva- 
tives were crystalline and could be oriented by stretch- 
ing. The optical birefringence of the trifluoroethoxy 
derivative disappeared reversibly above 242', as did 
the crystallinity to X-rays. This temperature prob- 
ably represents a polymer crystalline melting point. 
Depolymerization.-Polydichlorophosphazene, (NP- 

C12)n, does not depolymerize below 300-350°.'4 At 
least part of this stability is due to the fact that the 
polymer cross-links readily above 100". The methoxy, 
ethoxy, trifluoroethoxy, and phenoxy derivatives all 
underwent a fairly rapid molecular weight decrease 
below 200", and with the methoxy, ethoxy, and phen- 
oxy derivatives the depolymerization was perceptible 
even a t  100" (see Experimental Section). With the 
methoxy and ethoxy derivatives, depolymerization at 
150 and 200°, respectively, was accompanied by de- 
composition. Although the depolymerization reac- 
tions have not been studied in detail, infrared spectral 
data indicate that the products include low molecular 
weight cyclic species. In view of this information, 
it is not surprising that previous attempts to prepare 
polymers by heating of the equivalent cyclic trimeric 

(28) The ultraviolet peaks in the 210-mr region of the solution spectrum 
of (NPCh)s,  reported by Pi, B. Jurinski, C. C. 'Thomson, and P. A. 11. de 
Maine, J .  I i z o i ~ .  .Vncl. Chrm., 27, 1571 (1965), al-e similar to those frequently 
caused as  an artifact by scattered light in this region of the  spectrum. \?'e 
find essentially no absorption for solutions of pure (SPClda a t  wavelengths 
higher than 199 m p .  

or tetrameric organophosphazenes were unsuccessful, 
since the polymers are apparently thermodynamically 
unstable a t  temperatures near or above 10Oo. 

Relationship to Current Theories. a-Bond Delocali- 
zation in Phosphazenes.-It is generally agreed that 
the a-bond framework in phosphazenes is supplemented 
by some degree of 7r bonding between phosphorus 3d 
orbitals and nitrogen 2p orbitals. However, opinions 
differ as to whether this a bonding is extensively 
delocalizedzg or restricted into nonconjugated "islands" 
of a character. 3u,31 The previous experimental evi- 
dence was inconclusive but, if anything, favored the 
latter hypothesis. The properties of the high polymers 
have a particular relevance to this subject. If ex- 
tensive delocalization exists in phosphazenes, the elec- 
tronic absorption should be shifted to longer wave. 
lengths as the ring or chain size increases,32 and the 
force constant of the skeletal bonds should increase a t  
the same time. No evidence of a long mavelength 
electronic - P - S  absorption band \vas found for the 
polymers synthesized here, and the vibrational spectra 
indicated that the force constants of the skeletal 
bonds were similar in analogous cyclic trimers, cyclic 
tetramers, and high polymers. Further indirect evi- 
dence about the skeletal bonding can be inferred from 
the low glass transition values found for the alkoxy 
and chloro derivatives. These indicate an unusually 
high flexibility of the backbone and an appreciable 
degree of torsional or rotational freedom of the skeletal 
bonds. The skeletal a bonding must, therefore, be 
sufficiently localized or weak that it confers only 
negligible resistance to torsional motions on the phos- 
phorus-nitrogen bond. Thus, the over-all picture is 
one of poor skeletal delocalization in these polymers. 

The possibility exists that the side-group bonds from 
phosphorus could also show some a character due to 
interaction of a phosphorus d orbital with the lone- 
pair sp orbital of each adjacent oxygen atom. The 
infrared results do not provide information on this 
point since the marginal shift of the main (1230 cm-l) 
peak ton-ard higher frequencies, when OCH3 or OC2Ha 
groups are replaced by the OCH2CF3 group, can be 
explained by a purely inductive electron n-ithdrawal 
from phosphorus, which causes contraction of the d 
orbitals. 

Nmr Spectra.-The interpretation of 31P nrnr shifts 
is complicated.33 Nevertheless, positive shifts are 
associated Tt-ith greater shielding of the phosphorus 
nucleus, and, for quadruply connected phosphorus, 
the shift may be connected with a change in the dis- 
tribution of d,-p, bonds among the four 6 bonds.33 

(29) I). P. Ci-aig and N. L. Paddock, J .  Chrin. Soc., 1118 (1962). 
(80) hi. J.  S.  Dewar, E. A. C. Lucken, and X, A. Whitehead, ibid., 2423 

(31) 1). P. Craig and K. A. li. AIitchelI, ibid., 1682 (1965). 
( 3 2 )  I t  could be argued tha t  delocalization involving 3d orbitals may not 

Rive rise to  strong, longer wavelength absorptions. However, U .  A. Johnson, 
C. 1). Blyholder, and 4. W. Cordes, Iworg .  C h e w . ,  4, l i 9 0  (19651, have 
ihown tha t  the  thiutrithiazyl cation, ( S d s )  j ,  gives rise to ii -+ T* transition 
ixmds near 310 and 260 rnp. Apparently this ring is L cunjugated system i n  
which sulfur :kl orbitals are employed. 

( 3 3 )  See, for instance, papers by J. I<. Van Wazer, C. F. Callis, J. N.  
Schoolery, and R. C. Jones, J .  A m .  C h e w .  Soc., 75, 5 i 1 3  (1956); and J. H. ,  
Letcher and J. I<. Van Wazer, J .  Chem. P h y s . ,  44, 815 (1966). 

(1960). 



Vol. 5, No. 10, October 1966 PHOSPHONITRILIC COMPOUNDS 1713 

It was demonstrated earlier that the high polymers, 
like cyclic tetramers, show positive shifts, but that 
equivalent cyclic trimers show negative shifts The 
most obvious difference between cyclic trimers and 
higher homologs is that  the skeletal bonds in the 
latter are capable of greater torsional mobility. This 
could reduce the (localized) T character of the 
skeletal bonds relative to the side group bonds, improve 
the a-bond symmetry around phosphorus, and increase 
the shielding. The temperature-dependent positive 
shift observed for the trifluoroethoxy derivative in 
solution may also be due to an enhanced torsional 
freedom of the chain bonds as the temperature is raised. 

Depolymerization.-The instability of the poly- 
organophosphazenes to thermal equilibration demon- 
strates the extreme sensitivity of the phosphazene 
system to side-group steric influences. Replacement 
of chloro groups in (NPC12), by methoxy, ethoxy, tri- 
fluoroethoxy, or phenoxy lowers the temperature re- 
quired for detectable depolymerization to cyclic 
oligomers by a t  least 200". This cannot reflect a 
purely kinetic influence by the side groups, particu- 
larly if depolymerization, like polymerization, re- 
quires the ionization of a side group from phosphorus. 
It is more probable that the side group plays a larger 
role in influencing the thermodynamics of ring-chain 
equilibration in phosphazenes.26 The fact that  the 
polymers do not depolymerize in the rubbery phase 
at  25" can be ascribed to an infinitely slow rate of 
equilibration at  this temperature. 

Experimental Section34 
Materials.-Hexachlorocyclotriphosphazene (11) (>95y0 pur- 

ity) was obtained from Hooker Chemical Corp. and was purified 
as described below. Methanol (reagent grade) and ethanol 
(absolute, reagent grade) were dried over aluminum amalgam 
for 1 week before distillation from the same drying agent. Tri- 
fluoroethanol (Halocarbon Products) was used as received. 
Phenol (reagent grade) was dried by distillation through a short, 
packed column, and the middle fraction, bp 182', was taken. 
The n-heptane (Eastman reagent grade) used for recrystalliza- 
tion of I1 was used as received. However, n-heptane employed 
for the precipitation of I11 was dried for 48 hr over calcium hy- 
dride. Benzene (reagent grade) and xylene (reagent grade) 
were dried in the same way. The tetrahydrofuran used during 
the preparation of [SP(OC6H,)2], was dried over calcium hy- 
dride and was then distilled from the same reagent. Ethyl tri- 
fluoroacetate (Aldrich Chemical Co.) required for the hght-scat- 
tering investigation of [T\'P(OCHZCF~)Z], was dried over molecu- 
lar sieves and was then distilled through a spinning-band column 
(bp 62'). Dioxane (commercial) (5 1.) was refluxed for 16 hr 
with 1.3 N hydrochloric acid (0.9 1.) to hydrolyze ethylene acetal 
impurity, while a steady stream of nitrogen was passed through 

(34) Nmr spectra were measured on a Val-ian D P  60 apparatus with pro- 
ton spectra determined a t  56.4 blc and 31P spectra a t  16.2 Mc, or on a Varian 
A 60 apparatus. Infrared spectra of films on rock salt plates were recorded 
on Perkin-Elmer Model 21 and 137 spectrometers, and ultraviolet solution 
spectra on a Cary Model 14 automatic recording spectrometer. X-Ray re- 
peat distances were measured using a cylindrical camera of 57.3-mm diame- 
ter:  stretched fibers of [NP(OCHzCF8)2], and an  oriented film of [NP- 
(OCsH,)z],, were employed. X-Ray irradiation of [NP(OCI-IrCFa)s], was 
carried out using a 250 K V P  unfiltered Maxitron instrument for 6 hr at a 
dose rate of about 0.25 >lrad/hr. Solution viscosities were measured in 
modified Ostwald (Cannon) or Cannon Ubbelohde dilution viscometers a t  
30'. Light-scattering measurements were performed in a Brice Phoenix ap- 
paratus, and glass transition temperatures were determined with a Du Punt 
900 differential thermal analyzer. 

the solution. When cooled, the mixture was shaken with so- 
dium hydroxide pellets to  remove acid, water, and peroxides. 
The aqueous layer was separated from the dioxane and the latter 
was refluxed for 3 days with sodium (-100 g). The dioxane was 
then distilled directly into the reaction flask after rejection of the 
forerun. 

Equipment.-Polymerization of I1 was carried out in sealed 
Pyrex tubes of size 8.5 X 2.0 cm (20-g scale) or 23 X 3.5 cm 
(200-g scale). Evacuation of the tubes prior to sealing was per- 
formed on a vacuum line a t  0.1 mm pressure. The sealed tubes 
were heated in a thermoregulated bath of molten Wood's metal 
( A Z O  a t  250"), although for specific experiments a thermoregu- 
lated oven was also used. A nitrogen-filled drybox was em- 
ployed for the handling of chlorophosphazene polymers and solu- 
tions in certain critical experiments. The substitution experi- 
ments were performed in standard glass apparatus, with exclu- 
sion of moisture by calcium sulfate drying tubes. 

Purification of (NPCL)S.-Purification of I1 (1000 g) was 
effected by recrystallization from warm n-heptane (1500 ml) a t  
a temperature below 7 5 " ,  after decoloration with activated car- 
bon. The first crop of crystals (-621 g) obtained a t  room tem- 
perature was filtered off and dried either in vacuo or in air (mp 
108-113'). This purification procedure ensured the absence of 
an unidentified polymerization inhibitor which was sometimes 
present in material recrystallized under alternative conditions. 
Sublimation of 11, irrespective of the method of previous recrys- 
tallization, yielded a product (mp 114') which polymerized a t  
approximately the same rate as the recrystallized material. In  
one experiment, three successive vacuum sublimations (at 0.0001 
mm pressure), the final one directly into an evacuated polymeriza- 
tion tube, did not bring about a noticeable decrease in the polym- 
erization rate. The possibility that polymerization occurs only 
in the presence of a catalyst seems unlikely, therefore. 

Typical Polymerization Procedure.-Recrystallized hexa- 
chlorocyclotriphosphazene (200 g) was placed in a 32.5 X 3.5 
cm constricted Pyrex tube. The tube was then evacuated for 
30 min at  a pressure of 0.1 mm and then isolated from the vac- 
uum line, and the trimer was melted and allowed to resolidify. 
The stopcock to the vacuum line was opened and evacuation was 
continued for a further 30 min. The tube was then sealed a t  
the constriction and was immersed in a constant-temperature 
bath a t  250' for 48 hr. When the tube was cooled to 2 5 O ,  the 
polymer was a transparent immobile material in which crystal- 
lization of residual trimer or other oligomers occurred slowly. 
The prodpct was then cut into small pieces (-0.25-iii. cube), pref- 
erably in a stream of dry nitrogen, and was added to dry benzene 

ml). The polymer dissolved to a viscous, colorless 
er 24-48 hr of continuous agitation. 
Polymerization Temperature .-The rate of polymer- 
the onset of cross-linking were both accelerated by a 

temperature increase. The following percentage yields of un- 
cross-linked (NPClz), were obtained after polymerization of 20-g 
samples of (NPC12)3 at  250" for specific reaction times, followed 
by precipitation of the polymer from benzene solution into cx- 
cess n-heptane: 3 hr, 127,; 4 hr, 13.8%; 5 hr, 17.0%; 6 hr, 
23.4y0; 21 hr, 30.89?0; 48 hr, 70%; 96 hr, cross-linked to ben- 
zene-insoluble gel. At 300" the polymer yields were: 0.08 hr, 
0%; 0.16 hr, loo&; 0.25 hr, 13.7%; 0.33 hr, 15.2%; 0.41 hr, 
19.3%; 0.5 hr, 27.3%; 0.66 hr, 37.9%; 1 hr, 50.3%; 1,17 hr, 
cross-linked to benzene-insoluble gel. I t  must also be empha- 
sized that not only is the rate of polymerization sensitive t o  the 
presence of trace inhibitors but also, as mentioned by other au- 
thors,$J it is sensitive to the influence of small amounts of ac- 
celerators. Traces of water on the surface of the polymerization 
tube may exert a catalytic effect, but the polymerization was in- 
hibited by air. Reproducible polymerization rates are, there- 
fore, very difficult to obtain. Under nonstandardized conditions 
the rate may vary by a factor of 10. Marked temperature fluc- 
tuations during polymerization favored the cross-linking process, 
and use of benzoic acid as a catalyst a t  200' also facilitated thc 
cross-linking reaction. 

Properties of Cross-Linked Polydich1orophosphazene.-The 
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TABLE I 
ANALYTICAL DATA 

Intrinsic 
7 - C ,  %-- ---H. %-- --N, $i-- --P, 70-7 7-F, %-- --Cl, Tc-- viscosity, 
Calcd Found Calcd Found Calcd Found Calcd Found Calcd Found Calcd Found R f o l  wta dl/g 

(SPCI?),b . . .  . .  , , , . . .  12.09 12.39 26.73 26.41 . . . . . . 61.18  6 1 . 4  c 2.4 (benzene) 
[NP(OCHs)z17, 22 .4  21.76 5 . 6 1  5 . 6 5  13.09 12.90 29 .9  29.34 , , . . , . . . .  0 640.000 1.22 (CHCla) 
[R-P(OCzHs)zln 3 5 . 6  35.18  7.41  7 .13  10 .38  10 .40  22.96 22.75 . . . . .  . . . .  0 d 2.9 (CHCls) 
[NP(OCHzCFs)zln 19.77 19.97 1 . 6 6  1 .94  5 .76  5.59 12.74 12.95 4 6 . 9  46 .85  . . . 0 1,700,00OeSf 2.7 (acetone) 
[NP(OCsHs)zln 62 .3  61 .90  4 . 3 3  4.60 6 . 0 6  6 . 8 5  13.42 13.49 . . . . .  . , , . 0 3 ,700 ,000  2.7 (benzene) 

6 Soluble polymer, isolated by precipitation from benzene into n-heptane. Light-scattering data for ( NPCle), 
could not be obtained because of the tendency of the polymer to  cross-link in benzene solution. In ethyl trifluoroacetate (the only 
solvent found with a suitable refractive index) a slolr- gelation reaction occurred which invalidated the data. e In  ethyl trifluoroacetate. 
f The number-average molecular weight, determined by osmotic pressure, was 90,000, which indicates that the molecular weight dis- 
tribution is very wide. 

a By light scattering, 

cross-linked polymer is a clear, colorless, transparent rubber. 
When lightly cross-linked it is soft and extensible, but increased 
cross-linking (brought about by prolonged polymerization) causes 
a marked toughening and hardening to occur. The polymer is 
swelled by, but is insoluble in, benzene, toluene, xylene, carbon 
tetrachloride, nitrobenzene, and chlorobenzene. The degree of 
swelling appears to be inversely related to the rigidity of the 
elastomcr. These properties are typical of a cross-linked poly- 
mer. Treatment of the subdivided, cross-linked polymer with 
nucleophilic reagents, such as phenol-triethylamine or tri- 
fluoroethanol-triethylamine mixtures, yielded uncross-linked 
(soluble), partially substituted products, The weight-average 
molecular weights of these products (30,000-70,000) were con- 
siderably lower than those prepared from the uncross-linked poly- 
mer (~1 ,500 ,000) ,  and it must be concluded that nucleophilic 
reagents cleave not only the cross-links, but also the main chains, 
possibly a t  the points of cross-linkage. Sodium alkoxides bring 
about almost total replacement of chlorine if the cross-linking is 
minimal. When exposed to atmospheric moisture, the cross- 
linked chlorophosphazene polymer slowly hardens and finally de- 
grades to  phosphate, hydrogen chloride, and ammonia. 

Properties of Uncross-Linked Polydichlorophosphazene .-Thc 
uncross-linked polymer is a colorless, transparent elastomer which 
dissolves slowly but completely in benzene, toluene, xylene, or 
tetrahydrofuran to give viscous solutions. It can be isolated 
(and separated from low molecular weight cyclic oligomers) by 
precipitation from benzene or toluene into dry n-heptane, but in 
the rubbery state it is particularly sensitive to cross-linking. 
For this reason, molecular weight scparation was performed on 
the substituted species and not on the chloro polymer used for 
substitution. 

Solutions of polydichlorophosphazene in dry benzene under- 
went a slow viscosity increase which culminated in gelation of the 
solution after about 6 days at 25'. Attempts to exclude water 
rigorously from the system did not retard the cross-linking proc- 
cess appreciably. Shielding of the solution from light or irradi- 
ation with ultraviolet light also appeared to have no influence on 
the reaction. Addition of stannic chloride (over 0.6 mole 7G 
SnCL per NPCL unit) inhibited the cross-linking process, pos- 
sibly by formation of a complex, ~IYPeCl?eSnClj, a t  the active 
chain ends. 

Synthesis of Poly(dimethoxyphosphazene).--A solution of 
polydichlorophosphazeiie (116 g ,  1 unit inolc) in dry bcnzeiic 
(600 ml) r a s  added slowly over 1 hr to a stirred solution of so- 
dium methoxidc prepared from sodium (57.5 g, 2.5 g-atom) and 
methanol (400 ml). An exothcrm raised the reaction tempera- 
ture to 60". Refluxing was continued for a further 12 hr, and 
the mixture was stirred a t  25' for a further 2 days. Methanol 
was then added and the benzene was removed by azeotropic dis- 
tillation. The mixture was acidified with Concentrated hydro- 
chloric acid and the viscous solution was filtered to remove so- 
dium chloride. The salt was Tvashed with methanol and dried 
1122 g, theory (NaCl), 11'7 9).  The polymer was then precipi- 
tated several times from iiiethauol solution into diethyl ether 
and into benzene, to remove thc lower molecular weight methoxy- 
phosphazene homologs, and the precipitate was dried under 
vacuum. The product (13 g, 125; based on (SPC12),) was a 

colorless, rubbery material. Analytical data are shown in Table 
I. The polymer was soluble in methanol, dioxane, tetrahydro- 
furan, dimethoxyethane, chloroform, pyridine, dimethylform- 
amide, and acetonitrile, but insoluble in water, ethanol, diethyl 
ether, benzene, and acetone. 

Synthesis of Poly (diethoxyphosphazene).--A solution of poly- 
dichlorophosphazene (183 g, 1.5'75 moles) in benzene (2 1.) was 
added slowly to a stirred solution of sodium ethoxide, prepared 
from sodium (92 g, 4.0 g-atoms) and ethanol (-2 1.) in a nitrogen 
atmosphere. The reaction was allowed to proceed a t  25" for 5 
days. The mixture was then neutralized with concentrated 
hydrochloric acid and was treated with water to cause separation 
of an aqueous ethanolic and a benzene layer. The latter was 
dried (MgSOe), and the polymer was precipitated from benzene 
into n-heptane. Further purification effected by partition- 
ing of the polymer in methanol-benzene mixtures. Tields of up 
to 45% (based on (NPC12)3) were obtained. The polymer was a 
colorless, elastomeric material which v a s  soluble in alcohols, 
benzene, ethers, and ketones, but insoluble in aliphatic hydro- 
carbons and water. 

Synthesis of Polybis(trifluoroethoxy)phosphazene .-A solution 
of polydichlorophosphazene (300 g, 2.58 moles) in benzene (1500 
ml) was added over 3 hr t o  a stirred solution of sodium trifluoro- 
ethoxide, prepared from sodium (120 g, 5.22 g-atoms) and tri- 
fluoroethanol (600 g, 6 moles) in tetrahydrofuran (600 ml). An 
exotherm caused the solvents to reflux. The reaction mixture 
was refluxed for 16 hr, cooled to  room temperature, and then 
acidified (to litmus) \yith concentrated hydrochloric acid. Thc 
solid components were filtered off, washed w-ith large amounts of 
water to remove occluded sodium chloride, and then washed with 
aqueous 957, ethanol. The polymer was dissolved in acetonc 
(3 l.), filtered under pressure (because of the high viscosity), and 
precipitated into water (30 1.) to remove sodium salts. The 
polymer was air dried and redissolved in acetone. It was then 
precipitated twice from acetone into benzene to removc oligo- 
mers. The polymer (170 g, 277, based on (SPCl?)3) was a 
white, fibrous product. It was soluble in acetonc, tetrahydro- 
furan, ethyl acetate, ethylene glycol, dimethyl ether, and methyl 
ethyl ketone, but insoluble in diethyl ether, dioxane, ethanol, 
and aromatic and aliphatic hydrocarbons. Films, formed by 
evaporation of solvent, were colorless, transparent, and not un- 
like polyethylene in flexibility and appearance. The solid poly- 
mer was unaffected by water, glacial acetic acid, alcohols, pyri- 
dine, or concentrated sodium hydroxide solution. Homcvcr, 
some decomposition !vas evident with triethylamine, dimethyl- 
formamidc, acetonitrile, and concentrated sulfuric acid. The 
polymer was crystalline to X-rays and to optical polarization up 
to the crystalline melting point at 242-243'. Differential ther- 
mal analysis, X-ray diffraction, and optical polarization experi- 
ments revealed the presence of an endothermic crystal transi- 
tion between 60 and 70". Irradiation of 
a film of the material for 6 hr with 250 KVP X-rays at a dose 
rate of approximately 0.25 Mradlhr appeared to depolymerize 
the polymer, but did not cross-link it.  The polymer was un- 
affected by prolonged exposure to ultraviolet light. 

Synthesis of Poly(diphenoxyphosphazene).-A solution of 
polydichlorophosphazene (116 g ,  1 unit mole) in benzene (500 

The density was 1.i1. 
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ml) was added slowly to a stirred solution of sodium phenoxide, 
prepared from sodium (70 g, 3 g-atoms) and phenol (325 g, 3.5 
moles), in tetrahydrofuran (700 ml). The mixture was re- 
fluxed a t  74" for 4 hr and was stirred a t  25' for 2.5 days. Tetra- 
hydrofuran and some benzene (1.5 1.) were then removed by dis- 
tillation as dioxane (1.5 1.) was added, and the mixture was boiled 
a t  reflux for 16 hr and stirred a t  25" for 20 hr. An aliquot of 
the reaction mixture showed that substitution of the poly- 
mer was incomplete a t  this stage. Solvent (1.5 1.) was, there- 
fore, removed from the reaction mixture by distillation as xylene 
(1.5 1.) was added. The mixture was then refluxed a t  126" for 
12 hr and then stirred at  25" for a further 16 hr. The semisolid 
mass was diluted with benzene and acidified to litmus by addi- 
tion of concentrated hydrochloric acid, before precipitation into 
n-heptane. The solid products were filtered off, washed with 
acetone until no further color was extracted, and washed with a 
large volume of water to remove sodium chloride. Water was 
removed from the residue by washing with acetone, and the resi- 
due was dissolved in hot benzene to permit azeotropic removal of 
the remaining water. The polymer was then purified by pre- 
cipitation from hot benzene into n-heptane and from hot dioxane 
into water. The polymer obtained in this way was dried by 
treatment with acetone followed by vacuum drying. Analytical 
samples were freeze-dried. The polymer was soluble in hot ben- 
zene, toluene, dimethylformamide, dioxane, chloroform, chloro- 
benzene, and tetrahydrofuran, but insoluble in acetone, dimethyl 
sulfoxide, hexane, ethanol, and water. Films of the polymer, 
obtained by evaporation from solution, were colorless, transpar- 
ent, and flexible, and again showed a superficial resemblance to 
polyethylene. They were stable for 4 months t o  concentrated 
aqueous sodium hydroxide solution, esters, alcohols, ethers, ke- 
tones, and aliphatic hydrocarbons, but were decomposed by pyri- 
dine and concentrated sulfuric acid. 

Depolymerization Experiments .-Experiments were performed 
under vacuum, in nitrogen or air, and in solution. For the re- 
actions under vacuum, approximately 0.5 g of each polymer was 
vacuum sealed within a 1.9 X 9 cm Pyrex tube. The tubes were 
then immersed in a thermoregulated bath of dimethylsilicone oil 
for 8 hr a t  different temperatures. The trifluoroethoxy and phen- 
oxy derivatives retained their form and integrity as elastomers or 
thermoplastics a t  200". The methoxy and ethoxy derivatives 

were viscous liquids under these conditions. The polymers were 
then dissolved in benzene (phenoxy derivative), chloroform 
(methoxy and ethoxy derivatives), or acetone (trifluoroethoxy 
compound) for solution viscosity measurements. Viscosity 
data are shown in Table 11. I t  was also shown that a t  250" 
under vacuum the trifluoroethoxy derivative underwent an in- 
trinsic viscosity decrease from 1.73 dl/g to a near-equilibrium 
value of 0.18 dl/g within 4 hr. The infrared spectrum did not 
change during this process. 

TABLE I1 
DEPOLYMERIZATION OF POLYPHOSPHAZESES ( S P R L ) , ~  

Initial 
soln 

viscosity, -Viscosity (dl/g) after 8 hr at- 
R U s  1000 150° 2000 

OCHI 1.02 0.095 b b 
OCzHs 1.63 1,090 0.158 b 
OCHzCFj 2.50 2 .50  1.20 0.48 
OCeHa 4.24 2.06 0.62 0.43 

a Reduced specific viscosity a t  0.57, concentration in benzene 
(R = OCeH6), chloroform (R = OCH3 and OCzHj), or acetone 
(R = OCH2CF8). Depolymerization accompanied by de- 
composition or rearrangement. 

Depolymerization of the trifluoroethoxy and phenoxy deriva- 
tives also occurred in nitrogen (-1.5 atm pressure) a t  150' and 
when exposed to the air a t  200". In tetrahydrofuran solution 
( 2  wt yo) a t  66", the phenoxy polymer underwent an approxi- 
mately 337, decrease in average chain length in 24 hr, while the 
trifluoroethoxy derivative underwent only a 2% decrease under 
the same conditions. Qualitative evidence was also obtained 
that the ethoxy derivative depolymerized slowly in ethanol solu- 
tion at  25". 
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