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Organosilylphosphazene Oligomers and Polymers: Synthesis via
(Lithioaryloxy)phosphazenes'
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ABSTRACT: (Lithioaryloxy)phosphazenes have been used as reaction intermediates for the synthesis of
phosphazenes that bear organosilicon side groups. The synthetic pathways were developed at two levels, first
with the use of small-molecule cyclic phosphazenes as reaction models and second with high polymeric
phosphazenes. The cyclic small molecule NgP3(OPh);OCeH, Br-p was first lithiated to N3P3(OPh);OCcH,Li-p,
and this compound was allowed to react with a range of organochlorosilanes or with hexamethylcyclotrisiloxane
to yield the species N3P3(OPh);0C¢HR-p, where R is SiMeg, SiMe,Ph, SiMePh,, SiMe,CH=CH,, SiMe,-
(0SiMe,),0SiMe,Bu, and SiMey(0SiMe,y),0SiMe;. At the high polymer level, the macromolecule [NP-
(OCgH,Br),],, was subjected to partial lithiation followed by coupling to chlorosilanes or to ring-opening addition
of (OSiMe,); to generate polymers with OCgHjy and OCgH, Br-p side groups as well as OCgH,R’-p units, where
R’ is SiMeg, SiMe,Ph, SiMePh,, or SiMe,(0SiMe,);0SiMe;. Molecular structural characterization was obtained
by NMR, IR, microanalytical, and mass spectrometric methods. Glass transition temperatures for the high

polymers were in the range +45 to 68 °C.

The synthesis of new macromolecules derived from the
inorganic elements provides opportunities for the extension

0024-9297/89/2222-3571$01.50/0

of both polymer chemistry and inorganic chemistry into
fields as diverse as solid-state science, electronics research,
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and biomedicine.>® Organosilicon polymers and poly-
phosphazenes are playing a major role in these develop-
ments.

Poly(organosiloxanes), polysilanes, polysilazanes, and
polyphosphazenes have different structure—property
characteristics, some of which are mutually exclusive.
However, the possibility of a combination of features that
are characteristic of, for example, polysiloxanes and pol-
yphosphazenes offers a synergism of solid-state and surface
properties that is appealing for future research.

We have published several papers on the synthesis and
properties of high molecular weight polyphosphazenes that
bear organosilane or organosiloxane side groups.*® The
emphasis in previous work has been on the preparation
of small-molecule cyclic phosphazenes with organosilicon
side groups and on the subsequent ring-opening polym-
erization of these to linear high polymers.>® Recently,
Neilson, Wisian-Neilson, and their co-workers have re-
ported a different approach in which poly((methylaryl)-
phosphazenes) were lithiated by metal-hydrogen exchange
reactions, followed by coupling of the side groups to or-
ganosilicon units.!® In earlier studies, we explored the
preparation of (lithioaryloxy)phosphazenes and their
coupling to chlorophosphines, gold halide, or chlorotin
units.l""* Here we describe an extension of these reactions
to the linkage of organosilicon units to (aryloxy)phos-
phazenes. In addition, a new type of reaction is reported
in which a lithioaryloxy side group attached to a phos-
phazene induces the ring-opening linkage of a cyclosiloxane
to the aryloxy unit. As in most of our previous studies,'®
the development of this chemistry was carried out at the
small-molecule model system level first, before transpo-
sition of the optimized reaction conditions to the macro-
molecular systems.

Results and Discussion

Synthesis and Lithiation of N;P;(OPh);(OC;H Br-
D) (3). Following the approach described in earlier work,!?
hexachlorocyclotriphosphazene (1) was converted first to
N3P3(0OPh);(Cl) (2) which, in turn, was allowed to react
with p-bromophenoxide ion to yield 3 (Scheme I). The
metal-halogen exchange reaction with excess n-butyl-
lithium in tetrahydrofuran (THF) at 78 °C then yielded
4. The lithio derivative is exceedingly sensitive to minute
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Scheme I11

traces of water and must be used immediately to prevent
its conversion to [NP(OPh),]s.

Reactions of Cyclic Trimeric Lithioaryloxy Deriv-
ative 4 with Organosilicon Halides and Hexa-
methyleyclosiloxane. Rapid addition of CISiMes,
Cl1SiMe,Ph, CISiMePh,, C1SiMe,CH=CH,, or CI1SiMe,-
(OSiMe,),0SiMe,Cl to 4 yielded species 5a-e. Compound
5e was formed by reaction of the terminal chlorine atom
with excess n-butyllithium present in the mixture. The
reaction of 4 with hexamethylcyclotrisiloxane (5) (Scheme
II) induced a siloxane ring-opening reaction to give 6.
Treatment of intermediate 6 with trimethylchlorosilane
yielded the stable product 7. The products detected by
thin layer chromatography and *Si NMR experiments®
were consistent with a mechanism that involved the ring
opening of Dy and/or linkage of chlorophosphazenes
through linear oligomeric siloxane units. No evidence was
obtained that long-chain siloxane side units were formed
under the reaction conditions employed. In all the reac-
tions that involved species 4, a delay of only 3 min in the
addition of the chlorosilane or cyclosiloxane reduced the
yield of 7 or its analogues by at least 20%. The decreased
formation of 7 was accompanied by an increase in the
formation of [NP(OPh),],.

Synthesis and Lithiation of High Polymeric [NP-
(OC¢H,Br-p),],. The synthesis and lithiation of [NP-
(OCgH Br-p),],, (9) has been investigated earlier by Allcock,
Evans, and Fuller.!t2 The first phase of the present
polymer synthesis route followed the same reaction path-
way. Hexachlorocyclotriphosphazene (1) was polymerized
in the molten state to poly(dichlorophosphazene) (8).
Treatment of this intermediate with p-bromophenoxide
yielded poly[bis(p-bromophenoxy)phosphazene] (9)
(Scheme III).

Treatment of 9 with excess of n-butyilithium brought
about replacement of only 75-80% of the bromine atoms
by lithium. This is presumably a consequence of the
charge buildup on the side groups as lithiation occurs.
Polymer 10 was then allowed to react with ClSiMe,,
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Table I
Characterization Data for N;P;(OPh);OC,H,R-p

mass spectral data elem anal.

R compd mp, °C % yield found caled found caled

Br 3 51-52 79 771 771 C 55.98 55.78
H 3.78 3.89

Br 10.34 9.74

SiMe; 5a oil 65 766 766 C 61.18 61.51
H 5.00 511

N 5.49 5.36

SiMe,Ph 5b oil 53 827 827 C 63.84 63.51
H 4.87 4.76

N 5.07 5.14

SiMePh, 5c oil 58 889 889 C 66.14 65.42
H 4.76 4.77

N 4.72 4.78

SiMe,CH=CH, 5d oil 45 1 777 C 61.77 62.63
H 4.92 5.27

N 5.40 5.33

SiMey(0SiMe,),08iMe,Bu 5e oil 30 1026° 996 C 55.95 55.96
H 6.18 5.95

N 4.08 4.13

SiMe,(0SiMe,);0SiMe, 7 oil 41 987 987 o 54.68 54.70
H 5.72 5.39

N 4.25 4.47

¢Parent peak represents molecular ion peak minus two methyl groups. Other fragments included loss of SiMey, OSiMe,, SiMes, and

OC¢H; units.

ClSiMe,Ph, and CISiMePh, to yield species 11a-e. The
efficiency of the coupling reaction decreased with increases
in the number of phenyl groups in the chlorosilane, pre-
sumably for steric reasons. Thus, when ClSiMe, was used
as a reagent, 75% of the side groups bore SiMe; units, but
with CISiMePh,, only 35-40% of the aryloxy units bore
organosilicon units. The overall lithiation and coupling
process was not nearly as reproducible as at the small-
molecule level. Polymer 10 is insoluble in THF at —80 °C,
presumably as a consequence of lithioaryloxy unit ag-
glomeration and the increased ionic character of the
polymer. Thus, the efficiency of lithiation may be impared
by premature precipitation of 10. The effectiveness of the
coupling reaction may also be lowered by the heterophase
character of the reaction at the lower temperatures, al-
though the polymer always redissolved as the electrophile
was added. As discussed for the model compound reaction,
any delay in the coupling reaction increases the probability
that the lithio units will react preferentially with traces
of water rather than with the organosilicon electrophile.
Thus, the final polymers contained bromo, hydrogen, and
organosilicon units in the para positions of the aryloxy side
groups. This is reflected in the analytical data reported
in Table III. The physical properties of these polymers
are discussed later.

It should be noted that attempts to carry our similar
reactions with the use of ClSiMe,CH=CH, or CISiMe,-
(OSiMe,);0SiMe,Cl led invariably to cross-linking of the
chains.

Structure Proof and Properties of Polymers 11a—c.
Elemental microanalysis and 'H NMR spectroscopy were
used in tandem to estimate the ratios of the different side
groups in polymers 11a~c. The 'H NMR spectrum was
used to deduce the ratio of methyl to phenyl protons in
the polymer, and this was used as a basis for the calculated
elemental analysis values. A summary of these data, to-
gether with 13C and ®Si NMR chemical shifts for 13 and
7, is presented in Tables III and IV.

The linkage of organosilicon units to the aryloxy-
phosphazene polymer brought about changes in the
physical properties. The precursor polymer (9) is a mi-
crocrystalline material with a T, at 15 °C and a T, at 125
°C. Introduction of SiMe; and %iMeZPh units eliminated

Table 11
!H NMR and Infrared Data for NyP;(OPh)y(OC.H R-p )**
'H NMR
R (compd) signal (5,CDCly) IR cm™
Br (3) PhO, 7.3-6.9 3050, 1610
OCGH4B!'
SiMe; (5a) PhO 7.2-6.9 3030, 1610
(m, 29 H)
SiMe, 0.27 1263, 850,
(s, 9 H) 800
SiMe,Ph (5b) PhO 7.1-6.9 3050, 1610
(m, 29 H)
SiMe, 0.30 1260, 850,
’ (s, 6 H) 800
SiPh 6.8-6.6 1115
(m, 5 H)
SiMePh, (5¢) PhO 7.2-6.9 3030, 1610
(m, 29 H)
SiMe 0.33 1260, 855,
(s, 3 H) 798
SiPh, 6.8-6.7 1112
(m, 10 H)
SiMe,(CH=CH,) (5d) PhO 7.2-6.9 3030, 1610
(m, 29 H)
SiMe, 0.33 1260, 850,
(s, 6 H) 800
CH=CH, 6.3-5.7
(m, 3 H)
SiMe,(0SiMe,),0SiMe,Bu PhO 7.2-6.9 3030, 1610
(5e) (m, 29 H)
SiMe, 0.7-0.4 1264, 845,
(s, 24 H) 800
Bu 1.5-0.9 2950
(m, 9 H)
SiMe,(0SiMe,),0S8iMe; (7) PhO 7.2-6.9 3030, 1610
(m, 29 H)
SiMe, 0.4 1254, 840,
(s, 6 H) 800
(OSiMez)z' 0.1 1050, 1030
0SiMe, (s, 21 H)

¢ All compounds gave a singlet in the 3'P NMR, 4 (THF) = 8.6 ppm.
b1H NMR taken in CDCly: chemical shifts are reported relative to
external TMS = 0 ppm. A pulse delay of 10 s was used to avoid signal
saturation and reduced integral intensities. ©All compounds gave a
P=N stretch in the 1230-1260-cm™ region. Aliphatic C-H signals were
observed in the 2940-cm™ region.

the microcrystallinity and gave rise to elastomeric char-
acter. Replacement of bromine atoms in 9 by SiMe; units
raised the T, to 28 °C, whereas the introduction of
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Table III
Characterization Data for [NP(OC.H,R’),(OC¢Hy),(OC,H Br),],
elem anal.
R’ (compd) x ¥y° M, M, T, °C caled found
Br (9) 2.00 0 6.0 X 10* 2.0 X 108 15 (T, = 125 °C) C 39.05 40.26
H 2.07 2.49
N 3.60 3.72
Cl 0 0.27
SiMe; (11a) 1.50 0.45 3.4 x 10° 3.1 X 108 27 C 57.70 56.93
H 6.46 6.34
N 4.08 3.87
Br 1.16 1.16
SiMe,Ph (11b) 1.20 0.72 1.1 X 10% 2.5 X 108 6 C 63.00 62.51
H 5.38 5.00
N 3.28 3.16
Br 5.05 4.39
SiMePh, (11¢) 0.7 1.1 9.3 X 10° 2.5 X 108 45 C 66.92 66.45
H 4,78 4.67
N 3.63 2.61
Br 4,16 4.82
(SiMe;0)SiMe; (18) 0.6 0.6 8.4 % 104 2.0 X 108 -67 C 43.15 43.81
H 5.32 5.66
N 2.81 2.71
Br 12.80 12.82
Si 14.85 14.71
¢x + vy + z = 2; values estimated from 'H NMR integration.
Table IV
'H NMR Data for [NP(OC¢H,R’),(OCsHy),(OC¢H,Br),],
R’ (compd) x y signal  'H NMR (5, CDCly)* IR, cm™

SiMe; (11a) 1.50 0.45 Ph 7.1-6.9 (9 H) aromatic 3030

SiMey 0.17-0.15 (14 H) 1610

SiMe 1264

800

SiMe,Ph (11b) 1.20 0.72 Ph 7.1-6.9 (9 H) aromatic 3030

SiPh 6.8-6.6 (6 H) 1610

SiMe 0.2 (7T H) SiPh 1120

SiMe 1260

804

SiMePh, (11¢) 0.7 1.1 Ph 7.1-6.9 (18 H) aromatic 3030

SiPh 6.9-6.7 (5 H) 1608

SiMe 0.15 (16 H) SiPh 1130

SiMe 1260

800

(SiMe;0);8iMeg? (13) 0.6 0.6 Ph 7.1-6.8 (17 H) aromatic 3030

SiMe 0.2 (81 H) 1608

SiMe 1254

800

Si0OSi 1080

1010

¢ All line shapes were broad due to the solution viscosity. A pulse delay of at least 10 s was used to avoid signal saturation and reduced
integral intensities. ® All compounds exhibited P==N stretch in 1230-1260-cm™ region. ¢ All compounds gave a singlet in the P NMR at &
(CDCly) = —21.4 ppm. 4Polymer 13 had the idealized structure of [NP(OCgH,R')os(OCeH;)oe(OCsHBr)gsl,. The high bromine content
results from the inability to use a large excess of n-BuLi to generate 11.

SiMe,Ph groups lowered the T, slightly to 6 °C. The
organosilicon groups also altereé the solubility dramati-
cally. Polymer 9 is insoluble in aliphatic hydrocarbons,
but 11a and 11b are soluble in hexane. The increased
steric size of the SiMePh, side group in 11c results both
in a stiffening of the polymer relative to 11a and 11b and
a reduced solubility in aliphatic hydrocarbon solvents.
(However, the T, of 45 °C represents a marked decrease
in chain torsionagl mobility, even though the substitution
is at the outer fringe of the side-group structure.)
Polymers 11a-c were film-forming materials when cast
from concentrated solutions in THF. The films showed
some optical birefringence under crossed polarizers, but
no evidence of microcrystalline melting transitions could
be detected from differential scanning calorimetry ther-
mograms. All three materials as films could be cross-linked
by exposure to y radiation (1-3 Mrad), a process that
probably involves free-radical cleavage of the aliphatic

carbon-hydrogen bonds.'%!" The three polymers showed
hydrophobic surface character, with contact angle values
for water droplets of 105° (11a), 103° (11b), and 101° (11¢).
These can be compared to the values of 101° for [NP-
(OPh),],, and 101° for [NP(OCgH, Br),],..
Ring-Opening Interaction of (OSiMe,); with
(Lithioaryloxy)phosphazene Polymers. As discussed,
at the phosphazene cyclic trimer model level, side groups
that bear lithioaryloxy units cleave a cyclotrisiloxane
skeleton to form a pendent linear siloxane appendage.
With high polymeric phosphazenes, such a reaction offers
prospects for graft polymerization and cross-linking, as well
as for the introduction of linear oligosiloxane side units.
Although many examples have been reported of the
ring-opening polymerization of (OSiMe,); under the in-
fluence of alkyllithium reagents,'#2° such reactions nor-
mally take place at room temperature or above. However,
(lithioaryloxy)phosphazenes must be used at —80 to —40
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°C to avoid side reactions. Thus, it was of interest to
determine the course of the reaction between 10 and
(OSiMe,); at these lower temperatures.

As a model reaction, the ring cleavage of (OSiMe,);
under the influence of phenyllithium at —80 °C was ex-
amined. The reaction was monitored by vapor-phase
chromatography following deactivation of the system by
the addition of CISiMe;. At these temperatures, a complex
ring-ring and ring-chain siloxane redistribution process
occurred to yield at least 10 products. The same reaction,
carried out in the presence of Me;SiOSiMe, as a chain-
termination and -transfer agent, yielded four main prod-
ucts, two of which were identified by vapor-phase chro-
matography/mass spectrometry as PhSiMe,0SiMe,0-
SiMe; and PhSiMe,(0SiMe,),0SiMe;. Thus, the evidence
exists that, even at -80 °C, an aryllithium unit can cleave
(OSiMe,); and generate pendent siloxane chains.

The analogous reaction between high polymer 10 and
(OSiMey); (Scheme IV) was carried out, with care taken
to avoid the presence of excess n-butyllithium. An excess
of this reagent might be expected to induce the inde-
pendent polymerization of (OSiMe,);. Following the re-
action between 10 and (OSiMe,);, the system was treated
with CISiMe; at room temperature in order to deactivate
the terminal w~SiMe,OLit units by conversion to
MSiMe20SiMe3.2°

The reactions carried out as described in the Experi-
mental Section yielded a homogeneous solution of a sil-
oxyl-substituted polyphosphazene in THF, a solution
system that was stable for several weeks at room tem-
perature. However, total removal of the solvent was ac-
companied by light cross-linking, and the resultant rubbery
elastomer, though swellable in organic media, would not
redissolve. The surface contact angle of 109° measured
for this polymer is consistent with an enhanced hydro-
phobic character that can be attributed to the presence
of the organosiloxane side groups.

A likely cross-linking mechanism is shown in Scheme
V. It is proposed that, at room temperature, the deac-
tivation of wSiMe,OLi* units by CISiMe; is not 100%
effective.®® Low concentrations of residual w»SiMe,OLi*
side units that survive the deactivation process would be
converted to wSiMe,OH groups during the subsequent
workup procedures. In solution, these units are sufficiently
well separated that they do not interact strongly. However,
removal of the solvent would favor condensation of silanol
end units and generate cross-links.

The alternative explanation that wSiMe,O Li* units
might react with residual bromoaryloxy groups on another
chain is considered to be less likely. Attempts to delib-
erately favor a process of this type, by allowing 9 at -78
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Figure 1. *C NMR of polymer 13 taken as a swollen gel in CDCl,,
Peak assignments for the ipso carbons were based upon chemical
shifts of authentic samples of (NP(OPh),); and (NP{OC¢H Br-
Pl

°C to react with only half the n-butyllithium needed for
complete lithiation, followed by treatment with (OSiMe,)s,
did not generate cross-links in solution. Moreover, no
cross-linking was detected if the cyclosiloxane addition was
omitted, and this suggests that precursor 10 is not the
major source of cross-link formation.

The concentration of cross-links in polymer 14 was so
low that they were close to the limit of detectability by
standard analytical methods. For example, the infrared
spectra could be interpreted satisfactorily in terms of the
aryloxyphosphazene and linear oligosiloxane units. How-
ever, no absorptions expected from cross-links could be
detected. Elemental microanalyses (see Table III) pro-
vided a satisfactory proof of the general structure but were
not sufficiently sensitive to yield evidence of cross-link
structure.

I3C NMR spectroscopy showed the existence of two
different types of SiMe, signals. These are (1) the methyl
groups bonded to the silyl unit adjacent to the phenyl ring
(6 = 0.71 ppm) and (2) the methyl groups separated from
the phenyl ring (3 = 0.34 ppm). The influence of phenyl
rings on carbon chemical shifts is well-known.?22 The 13C
NMR spectra also show three distinct C-O-P signals.
These were assigned, as shown in Figure 1, and correspond
to the three different types of phenyl rings that exist in
13. The chemical shifts of these peaks correspond to the
signals obtained from authentic samples of [NP(OCgHj),]s
and [NP(OC;H,Br),],.

The #Si NMR spectra provided supporting evidence for
the structure of polymer 13 and for the existence of the
Si—0-8i cross-links. As shown in Figure 2, the polymer
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Figure 2. 2Si NMR of polymer 13 taken as a swollen gel in CDCl;. Peak assignments were based on the chemical shifts of various
linear siloxanes as reported in ref 22. The chemical shifts are reported relative to external TMS = 0 ppm. Line broadening was the

result of the heterogeneous nature of the sample.

contains silicon atoms in four different environments. The
two downfield signals (6§ = 7.3 and -2.8 ppm) are from
silicon atoms that bear only one oxygen atom. Silicon
atoms bonded to a phenyl ring are known to generate
upfield chemical shifts.?? The peak at —2.8 ppm is at-
tributed to a structure of this type. The central two silicon
atoms are flanked by two oxygen atoms: such a unit is
known as a “D” unit. The D units in this polymer gen-
erated two different signals in the —20 to —22 ppm region,
because they are flanked by different types of silicon at-
oms. The shoulder on the upfield side of the D unit signals
(at —21.8 ppm) has two possible origins. It could represent
longer oligosiloxane chain units formed by the addition of
an additional (OSiMe;); molecule to the terminal anionic
site of a trisiloxy side group. Alternatively, the signal could
arise from cross-links of the type shown in Scheme V.

However, the best evidence for the proposed cross-
linking mechanism comes from a model compound ex-
periment in which N3P3(OPh);(OCH,Li) (4) was allowed
to react with (OSiMe,)s. Although the main product from
this reaction was species 7, small quantities of ring-linked
compounds, such as 15, were detected by mass spectrom-
etry experiments. Moreover, the ?Si NMR spectrum of
the reaction mixture contained weak signals that corre-
sponded to the shoulder found in the high polymeric
system.24

PhO_ 0 @-SiMez(OSiMe,)z-o-(SiMerhSiM@ o, ,0Ph
-P ’

N” °N N*
PRO_}  J-OPh PhO_p, [ -OPh
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Experimental Section

Equipment. 3P (36.2-MHz) and '°C (22.5-MHz) NMR spectra
were obtained with the use of a JEQOL FX90Q spectrometer.
High-field 'H NMR spectra were obtained by using a Bruker
WP-200 MHz spectrometer. The 2Si NMR spectra were mea-

sured by means of a Bruker AM-300 instrument operated at 59.6
MHz. The signal was enhanced by the use of the INEPT po-
larization transfer method.?> The Si/H coupling constant was
estimated to be 7.6 Hz. Infrared spectra were recorded on a
Perkin-Elmer 1710 FT-IR spectrophotometer. Perkin-Elmer
System 7 thermal analysis equipment was used to obtain glass
transition information. Small-molecule products were purified
by means of a Waters Associates preparative HPLC system 500,
with the use of two Prep-Pak 500 silica gel columns in series.
Gravity-driven chromatography was carried out using 60/200-mesh
silica gel, with elution by silicone grease-free solvents obtained
by distillation. Polymer molecular weights were measured by
means of a Hewlett-Packard 1090 liquid chromatography unit.
The molecular weights were estimated by comparison with
polystyrene standards obtained from Waters Associates. Polymer
surface water contact angles were measured with use of a
Rame-Hart contact angle goniometer (values are accurate to %1°).
The films were cast from concentrated THF solutions filtered
through clean glass wool. The solvent was allowed to evaporate
slowly in a dust-free environment.

Materials and Procedures. All reaction mixtures were
protected by an atmosphere of dry argon (Matheson) using
standard Schlenk line techniques. Tetrahydrofuran and dioxane
(Omnisolv) were dried and distilled from sodium benzophenone
ketal. n-Butyllithium (Aldrich), as 1.6 or 2.5 M solutions in
hexane, was used as received. The silanes and siloxanes (Petrarch)
were distilled under dry nitrogen and stored over 3-A molecular
sieves. Hexamethylcyclotrisiloxane (5) was purified by sublimation
in a static vacuum (0.2 Torr, 25 °C) and was stored in an atmo-
sphere of dry nitrogen before use. Hexachlorocyclotriphosphazene
(1) was provided by Ethyl Corporation and was purified by re-
crystallization from hexane, followed by fractional sublimation
at 30 °C/0.5 mm. Phenol (Aldrich) was dried by azeotropic
removal of water with benzene. Elemental analyses were obtained
by Galbraith Laboratories, Knoxville, TN.

Pentaphenoxychlorocyclotriphosphazene (2). This com-
pound was synthesized by a variation of the method reported
earlier.!? Sodium phenoxide (14.8 g, 0.15 mol) was prepared from
phenol and sodium (3.51 g, 0.16 mol) in THF (125 mL) at 66 °C.
This solution was then added to hexachlorocyclotriphosphazene
(10.0 g, 0.03 mmol) in THF (150 mL). The products included
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N3P3(OPh)sCl (2) and [NP(OPh),];. Compound 2 was isolated
by preparative scale high-pressure liquid chromatography and
was recrystallized from methanol. 3P NMR in CH,Cl, (DO lock):
AB,, §, = 21.8 ppm, dg = 6.5 ppm, Jpyp = 58 Hz. Mp 62-65 °C.

Pernitaphenoxy(p-bromophenoxy)cyclotriphosphazene (3).
Compound 2 was allowed to react with a slight excess of sodium
p-bromophenoxide in THF at 66 °C. Purification of the product
(3) was effected by extraction with diethyl ether, followed by
column chromatography. Recrystallization from methanol yielded
3 (mp 51-52 °C) in 62% yield. 3P NMR in CH,Cl, (D,0 lock):
6 = 8.2 ppm.

Pentaphenoxy(p-(trimethylsilyl)phenoxy)cyclo-
triphosphazene (5a). This synthesis is typical of those used for
the preparation of 5a~e. Compound 3 (0.66 g, 1.14 mmol) was
dissolved in freshly dried THF (100 mL) and cooled to —78 °C
by means of a dry ice/acetone bath. n-Butyllithium (4.3 mL of
a 1.6 M solution, 6.84 mmol) was added slowly to the mixture.
Trimethylchlorosilane (1.3 mL, 10 mmol) was then added quickly
to the stirred solution. The reaction mixture was allowed to warm
to room temperature, and the solvent was removed under reduced
pressure. The resultant oil was extracted with methylene chloride,
and the extract was dried over MgSO,. The solids were removed
by filtration, and removal of the solvent yielded a pale-green oil.
Purification by preparative HPLC using hexane:CH,Cl,; (3:2) as
an eluent yielded 5a. The characterization data and yields are
listed in Tables I and II.

Pentaphenoxy(p-(dimethylphenylsilyl)phenoxy)cyclo-
triphosphazene (5b). The reaction was carried out as in the
previous example, with the use of 3 (1.5 g, 1.95 mmol), n-bu-
tyllithium (9.78 mL of a 1.6 M solution, 15.6 mmol), and di-
methylphenylchlorosilane (2.65 g, 25 mmol). The final purification
was by means of column chromatography over silica gel with
hexane:CH,Cl, (3:2) used as the eluent.

Pentaphenoxy(p-(methyldiphenylsilyl)phenoxy)cyclo-
triphosphazene (5¢). The same procedures as described above
were used for the reaction of 3 (2.0 g, 2.6 mmol) with n-butyl-
lithium (9.73 mL of a 1.6 M solution, 15.6 mmol), followed by
treatment with methyldiphenylchlorosilane (5.6 g, 25 mmol). The
oily product was purified by column chromatography over silica
gel using hexane:CH,Cl,; (3:2) as the eluent.

Pentaphenoxy(p-(dimethylvinylsilyl)phenoxy)cyelo-
triphosphazene (5d). Compound 3 (1.0 g, 1.3 mmol) in THF
(100 mL) was allowed to react at -78 °C with n-butyllithium (4.80
mL of a 1.6 M solution, 7.78 mmol), and the product was treated
with dimethylvinylchlorosilane (2.7 mL, 2.4 g, 20 mmol). Column
chromatography on silica gel with hexane:ethyl acetate (9:1) used
as the eluent was employed for the final purification.

Pentaphenoxy(p-(butyloctamethyltetrasiloxanyl)phen-
oxy)cyclotriphosphazene (5e). To a solution of 3 (5.0 g, 6.5
mmol) in THF (250 mL) at —78 °C was added n-butyllithium (2.5
mL of a 2.5 M solution, 6.2 mmol). 1,7-Dichlorooctamethyl-
tetrasiloxane (6.9 g, 19.5 mmol) was then added. The solution
was allowed to warm to room temperature to maximize the
coupling of the organosilicon unit to the phosphazene. The
mixture was then cooled again to -78 °C and was treated with
excess n-butyllithium to replace the terminal chlorine atoms by
butyl groups. Trimethylchlorosilane was then added to quench
any unreacted n-butyllithium. The product was isolated as an
oil after column chromatography on silica gel using hexane:
methylene chloride (1:1) as an eluent.

Reaction of 4 with Hexamethylcyclotrisiloxane. A dry,
round-bottomed flask was charged with 3 (1.0 g, 1.3 mmol) and
THF (50 mL), and the solution was cooled to —50 °C by means
of a dry ice/acetonitrile bath. n-Butyllithium (0.8 mL of a 1.6
M solution in hexane, 1.3 mmol) was then added, and the mixture
was stirred. After 3 min, a solution of hexamethylcyclotrisiloxane
(0.5 g, 2.24 mmol) in THF (5 mL) was added. The mixture was
allowed to warm to room temperature, and an excess of tri-
methylchlorosilane (1.4 mL, 11.2 mmol) was added to terminate
the pendent siloxane chains. The mixture was heated at 66 °C
for 8 h, and the product (7) was isolated by removal of the volatile
materials at reduced pressure, followed by chromatography of the
residue on silica gel using hexane:CHyCl, (4:1) as an eluent. The
product was an oil (yield, 520 mg, 41%).

Poly[(p-(trimethylsilyl)phenoxy)(p -bromophenoxy)-
phenoxyphosphazene] (1la). Poly[bis(p-bromophenoxy)-
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phosphazene] (9) was prepared by allowing excess (3 equiv/PCl)
sodium p-bromophenoxide to react with poly(dichloro-
phosphazene) in refluxing dioxane for 48-72 h. The fully sub-
stituted polymer was purified by multiple reprecipitations into
H,0 (3 times) and hexanes (4 times), followed by Soxhlet ex-
traction for 2 days with EtOH. Polymer 9 was always thoroughly
dried by heating under vacuum (24 h at 50 °C) before use.

Polymer 9 is not directly soluble in THF, However, it is soluble
in warm dioxane. Removal of most of the dioxane, followed by
the addition of THF, yields a solution of the polymer. The
reactions of this polymer were carried out in a 500-mL round-
bottomed flask equipped with a mechanical stirrer, with the
reaction mixtures protected by an atmosphere of dry nitrogen.
The addition funnels that contained the n-butyllithium and the
chloroorganosilane were attached to the flask before the vessel
was cooled to -78 or —50 °C, to minimize exposure of these reagents
to atmospheric moisture. The following procedure is typical of
that used for all three polymers in this series.

Thus, polymer 9 (3.0 g, 15.51 mmol) was dissolved in dry THF
(250 mL), and the solution was cooled to ~78 °C (dry ice/acetone
bath). To this solution was added n-butyllithium (62.1 mL of
a 2.5 M solution, 155.1 mmol, 10 equiv excess). After 3 min, freshly
distilled trimethylchlorosilane (21.5 g, 200 mmol) was added, and
the mixture was stirred and allowed to warm to room temperature.
The mixture was then concentrated to 75-100 mL and the polymer
was isolated by precipitation into ethanol. The polymer was dried
in vacuum, dissolved in THF, reprecipitated twice into water and
3 times into hexane/2-propanol or hexane/ethanol (1:1), and then
subjected to Soxhlet extraction with ethanol for 48 h. The
characterization data are summarized in Tables III and IV.

Poly[(p-(dimethylphenylsilyl)phenoxy)(p-bromophen-
oxy)phenoxyphosphazene] (11b). Polymer 9 (2.0 g, 10.3 mmol)
was dissolved in THF (200 mL), cooled, and treated as described
above with n-butyllithium (25 mL of a 2.5 M solution, 62.5 mmol)
and dimethylphenylchlorosilane. The characterization data are
summarized in Tables III and IV.

Poly[(p-(methyldiphenylsilyl)phenoxy)(p-bromophen-
oxy)phenoxyphosphazene] (11¢). Similar procedures were used
for the interaction of polymer 9 (2.0 g, 10.3 mmol) in THF (100
mL). It was treated at ~80 °C with n-butyllithium (41.3 mL of
a 2.5 M solution in hexane, 103.4 mmol) and allowed to react after
3 min with freshly distilled methyldiphenylchlorosilane (26 mL,
27.8 g, 120 mmol). Tables ITI and IV contain the characterization
data.

Reaction of Polymer 10 with Hexamethylcyclotrisiloxane.
Polymer 9 (2.0 g, 10.3 mmol) in THF (100 mL) was cooled to ~50
°C and treated with n-butyllithium (6.4 mL of a 1.6 M solution,
10.2 mmol). After 3 min, a solution of (OSiMe,); (11.4 g, 51.5
mmol) in THF (15 mL) was added. The mixture was allowed to
warm to room temperature and was then treated with excess
trimethylchlorosilane and heated to 40 °C. Concentration of the
mixture to ~50 mL was followed by precipitation into ethanol
and H,0. After precipitation into 2-propanol and vacuum drying,
polymer 13 was no longer soluble in THF, DMF, toluene, hexane,
dioxane, or glyme, although it swelled in these media. The
characterization data are shown in Tables III and IV.
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ABSTRACT: It has been so far reported that some polymer blends containing random copolymers can be
miscible in a certain range of copolymer compositions even though the combinations of their corresponding
homopolymers are immiscible. On the other hand, according to theory, there may exist some copolymer blends
that are immiscible in a certain range of copolymer compositions even though their corresponding homopolymers
are miscible with each other. For real blends with a possibility of such an immiscibility region, the dependence
of miscibility on the copolymer composition was observed at the blend ratio 1/1. Poly(vinyl chloride-co-vinyl
acetate) copolymers (VC-VAc) were immiscible with poly(n-butyl methacrylate-co-isobutyl methacrylate)
copolymers (nBMA-IBMA) in a certain range of copolymer compositions of nBMA-iBMA, though every pair
of VC-VAc copolymer/nBMA homopolymer, VC:VAc copolymer/iBMA homopolymer, and nBMA homo-

polymer/iBMA homopolymer was miscible.

Introduction

Recently, it has been demonstrated'™ that polymer
blends containing random copolymers can be miscible in
a certain range of copolymer compositions even though the
combinations of their corresponding homopolymers are
immiscible. Kambour et al.,? Paul and Barlow,® and ten
Brinke et al.® explained such a miscibility, which is called
a “miscibility window”, by expressing the Flory—Huggins
intermolecular interaction parameter, x, in terms of the
respective intersegmental parameters, x;;.” Shiomi et al.*
showed various theoretical patterns of dependence of
miscibility on the copolymer composition (miscibility map)
for the copolymer blends having a common monomer, and
they reported some experimental results corresponding to
the theoretical miscibility maps.

The dependence of miscibility on the copolymer com-
position has been interpreted as follows.>*¢ For a mixture
of two general random copolymers, 1 ([(Al), (A2),,...
(Am),, ],) and 2 ([(B1),,(B2),,...(Bn), ],), we can write the
interaction parameter, x, per segment between copolymers
1 and 2 as

m n m-1 m n-1 n
xX= ZZxLYjXAiBj - Z Z XiXjXaiaj ~ Z Z Yi¥YiXBiBj
i=1j=1 i=1j=i+1 i=1j=i+1

oy

where x,p;, €tc., are the segmental interaction parameters
between the different segments Ai and By, etc., respec-
tively, and x; and y; are the copolymer compositions ex-
pressed as the volume fraction for copolymers 1 and 2,
respectively. When the intermolecular x at a certain
temperature is smaller than that at the critical point, X,
that is,

X < Xerit (2)

two polymers are miscible with each other at that tem-
perature, while they are immiscible when

X > Xerit (3)
According to the Flory—Huggins theory, x; is given by
Xerit = 1/2(7'1—1/2 + r2_1/2)2 (4)

where r; and r, are the numbers of segments for polymers
1 and 2, respectively, when the segment is taken to be of
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