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Figure 2. GPC of the methanol-insoluble polymer obtained by 
the copolymerization of N-PMI and PO with 3. 

protons of the polymerized N-PMI moiety. This spectrum 
implies that the polymer consists of both N-PMI and PO 
units. The mole fraction of PO in the polymer was cal- 
culated as 20% from the areas of signals a and e. 

GPCI3 of the methanol-insoluble polymer obtained gives 
unimodal molecular weight distribution, as shown in Figure 
2. The number-average molecular weight calculated from 
standardized polystyrene calibration is 5.0 X lo3 and the 
molecular weight distribution (A&/&(.,) is 1.5. Thin layer 
chromatography (TLC)I4 of the polymer showed only one 
spot a t  a different position from those of homopolymers 
of N-PMI and of PO. GPC and TLC measurements 
suggest that the polymer obtained consists of only one 
component and is not a mixture of two homopolymers, i.e., 
a copolymer of N-PMI and PO is produced. 

IH NMR, GPC, and TLC analyses for the methanol- 
soluble polymer initiated with 3 revealed that it is a 
mixture of homopoly(P0) and copolymer of N-PMI and 
PO with high PO content. However, they actually could 
not be isolated separately. 

I t  was confirmed by means of 'H NMR that no co- 
polymerization takes place with the other organozinc in- 
itiators. 1 and 4 only produced homopoly(N-PMI) (as the 
methanol-insoluble part) and homopoly(P0) (as the 
methanol-soluble part), respectively. The copolymerization 
in equimolar amount of PO and N-PMI ( 5  mmol each) 
with 3 also failed to incorporate appreciable amount of PO 
into the polymer and the mole fraction of PO in the 
polymer was less than 1% (by 'H NMR). 

Copolymerization of N-PMI and PO initiated with po- 
tassium tert-butoxide, which can initiate homo- 
polymerization of both monomers, was carried out in a 
wide range of feed molar ratio of N-PMI to PO. No co- 
polymerization took place but only homopoly(N-PMI) was 
obtained. Grignard reagents, alkyllithium and sodium 
naphthalenide gave also no copolymer at all but homo- 

In conclusion, only 3 can give rise to the co- 
polymerization of N-PMI and PO since the polymer ob- 
tained consisted of N-PMI and PO units ('H NMR) and 
possessed only one component (GPC and TLC), though 
the type of their homopolymerization is quite different 
from each other. This is the first example of the co- 
polymerization of an N-substituted maleimide with a cyclic 
ether. 

Registry No. (N-PMI)(PO) (copolymer), 119770-35-3; Zn- 
(OCHJ2, 1184-55-0; C2H,ZnOCH3, 15860-82-9. 
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Poly(methylpheny1phosphazene)-graft -poly(di- 
met hylsiloxane) 

Block and graft copolymers of polyphosphazenes are 
relatively few in number. Recently polystyrene-grafted 
aryloxy-' and alkyl/aryl-substituted2 polyphosphazenes 
have been reported, but attempts to prepare copolymers 
with wholly inorganic silicon-oxygen and phosphorus- 
nitrogen monomeric units have not been su~cessful .~ We 
report here the first polyphosphazene-graft-polysiloxane 
copolymer in which the grafted siloxane chain is attached 
to the phosphazene backbone by the P-C-Si linkage. 

Earlier work in our laboratories has demonstrated that 
poly(methylphenylphosphazene), [Me(Ph)P=N],, can 
readily be derivatized by deprotonation-substitution re- 
actions. For example, a series of silylated derivatives4 have 
been prepared by sequential treatment of [Me(Ph)PN], 
with n-BuLi and various chlorosilanes, RMe2SiCl (eq 1). 

Yh ? ?l 

( 
1 1 0  5 n-BuL I  I I 
I * R M e 2 S i C '  I I 

C N = P +  -f+N=P+N=P4+- 1) 

Me Me CH2 S i M e p R  
R = Me, H I  CH = CH2, (CH*)&N 

We have shown that the intermediate polymer anion in 
these reactions can also be used to prepare inorganic-or- 
ganic graft copolymers2 through initiation of addition 
polymerization of styrene. These reactions indicated that 
the polyphosphazene anion sites generated from n-BuLi 
and [Me(Ph)PN], could be used to initiate ring opening 
of (Me2SiOI3 (eq 2). 

Ph Ph Ph 

( 2 )  
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tributions often observed for graft copolymers.2J0 The 
absolute number-average molecular weightg (M, = 68 000) 
determined by membrane osmometry was in the same 
range as the value obtained by SEC and again shows a 
marked increase over the M, value for the parent polymer 
(M, = 31 000). 

The use of both refractive index and ultraviolet ab- 
sorption detectors in the SEC experiments was particularly 
useful for studying the grafting process. Because the si- 
loxane moiety does not absorb in the UV range (254 nm), 
it can be concluded that the broadening and the increase 
of the molecular weight distribution is due solely to 
grafting and not to formation of high molecular weight 
homopolysiloxane. Furthermore, the use of the refractive 
index detector provided an indication of the presence of 
low molecular weight, ungrafted siloxane oligomers. This 
was essential for determination of purity of the final graft 
since some low molecular weight siloxanes were produced 
in early reactions, presumably via chain transfer/cleavage 
processes." I t  was also useful in demonstrating that in- 
sufficient stirring with a magnetic stirrer and reaction 
times in excess of 2 h were accompanied by increased 
amounts of oligomeric siloxanes. 

Differential scanning calorimetry of the graft copolymer 
revealed three transitions (inflection points) in the graft 
copolymer. The weaker two of these corresponded to the 
glass transitions of the homopolymer components, e.g., 
-123 "C for the polysiloxane and 38 OC for the poly- 
phosphazene. The third was a strong transition at -45 "C 
which is the T,  of poly(dimethylsi1oxane). These data 
suggest that two phases exist within the copolymer.12 

Thermal gravimetric analysis of the graft copolymer in 
air using a heating rate of 10 "C/min indicated that the 
onset of decomposition was at  436 OC with an inflection 
(ca. 50% weight loss) a t  468 OC. This suggests that  the 
grafted siloxane chains have enhanced the thermal stability 
of the graft copolymer relative to that of the parent 
polymer which typically shows an onset of decomposition 
at  395 "C in argon and at  ca. 350-365 "C in air. This also 
compares favorably to the thermal stability of poly(di- 
methylsiloxane) and cross-linked  silicone^.'^ Similar en- 
hancement of stability was observed for the simple sily- 
lated polyphosphazene, { [Me(Ph)PN] [Me3SiCH2(Ph)- 

An additional factor worthy of note is that incomplete 
quenching of the reactions with Me3SiC1 caused cross- 
linking of the grafts upon extensive heating (e.g., overnight 
a t  100 OC). These problems were usually alleviated by 
using a 2-fold excess of Me3SiC1 and by allowing the 
quenched reaction mixture to stir for ca. 18 h. Although 
this was generally sufficient, one batch of the graft co- 
polymer still underwent slight cross-linking after 3 days 
at  100 OC. Nonetheless, the sample eventually formed a 
solution that could be filtered through a l.0-ccm filter. SEC 
analysis of the polymer in the filtered solution indicated 
a slightly lower molecular weight ( M ,  = 60 000) relative 
to that of the graft before extensive heating. 

In summary, this new graft copolymer demonstrates that 
the isoelectronic polysiloxane and polyphosphazene sys- 
tems can be merged and the initial thermal analysis data 
indicate that such systems possess improved thermal 
stability. Further studies of a complete series of poly- 
phosphazene-graft-polysiloxanes are in progress. 
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Figure 1. Molecular weight distributions determined by GPC 
(UV detector with 500, lo4, lo5, and loe 8, WStyragel columns) 
for (a) the graft copolymer and (b) the parent polymer [Me- 
(Ph)PNl,. 

While initial reactions with the cyclic siloxane5 appeared 
to be quite straightforward and, by size exclusion chro- 
matographic (SEC) analysis, clearly yielded materials with 
some grafted components, closer investigation of the 
products revealed that low molecular weight components 
were also present. Subsequent alteration of the reaction 
conditions and purification procedures has, however, 
consistently given a pure graft copolymer with a phos- 
phazene to silicone weight ratio of 37:63. 

Optimized experimental reaction conditions consisted 
of initial anion preparation by dissolution of carefully dried 
[Me(Ph)PN], (2.0 g, 14.6 mmol) in T H F  (freshly distilled 
from Na/benzophenone) followed by cooling to -78 OC, 
addition of n-BuLi (1.5 mmol, 0.6 mL, 2.5 M in hexane), 
and stirring for 1.5 h a t  -78 "C. Then a T H F  solution of 
(Me2SiO)3 (15.0 mmol, 3.34 g in 20 mL of THF) was added. 
The mixture was allowed to warm slowly and was stirred 
for 2 h a t  room temperature. A very viscous gel formed 
after ca. 30 min at room temperature and it was necessary 
to stir this mixture with a mechanical stirrer in order to 
optimize the grafting process. After no more than 2 h a t  
room temperature (longer reaction times were accompa- 
nied by disappearance of the viscous gel and formation of 
large amounts of siloxane oligomers), the reaction was 
quenched by addition of Me3SiC1 (3.0 mmol). Quenching 
was accompanied by dissolution of the products as indi- 
cated by complete disappearance of the gel. The mixture 
was stirred overnight and the graft was precipitated by 
slow addition of the T H F  solution to water (ca. 800 mL). 
Subsequent reprecipitations from T H F  into acetone, de- 
cantation of the solvents, and drying in a vacuum oven for 
ca. 18 h at 80 O C  afforded 2.8 g of the graft copolymer (49% 
yield) as an off-white solid. 

Elemental analysis6 and 'H NMR spectroscopy7 con- 
firmed the phosphazene to silicone ratio predicted by the 
reagent stoichiometry, which was chosen to approximate 
a graft with 10% of the phosphazene monomer units 
containing grafted chains of ca. 30 monomeric siloxane 
units (Le., in eq 2, x = 9, y = 1, z = 30). The 31P NMR 
spectrum of the graft7 contained only one signal. Similar 
simplicity was observed in the 31P NMR spectra of the 
substituted-silyl polyphosphazene  derivative^.^ The 29Si 
NMR spectra also contained only a single signal a t  6 -21.1. 
SEC analysis8 of the graft (Figure 1) clearly shows an 
increased molecular weightg relative to the parent polymer, 
as well as the broadened, bimodal molecular weight dis- 
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