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Star-type or hyperbranched polymers are of wide-
spread interest due to their ability to impart properties
or functionalities that are not currently accessible in
conventional linear polymer systems.! The branched
nature of these polymers alters properties, such as
solubility and crystallinity, and provide an additional
method for tuning macromolecular structures beyond
those available for linear macromolecules. Linear poly-
phosphazenes, (N=PRy),, have attracted considerable
interest because of properties such as biocompatibility,
thermooxidative stability, flame retardancy, elasticity,
unusual surface properties, ionic conductivity, and
electrooptical effects, depending on the specific side
groups (R). This, together with their unique fundamen-
tal scientific aspects, has stimulated the synthesis and
study of more than 700 different phosphazene-based
polymers during the last 30 years.23

Recently, we reported a new method for the prepara-
tion of poly(dichlorophosphazene), (N=PCIl,),, via the
reaction of the phosphoranimine CIsP=NSiMej; (1) with
small amounts of PCls at 25 °C (Scheme 1).* This
improved method allows for the ambient temperature
synthesis of poly(dichlorophosphazene), (N=PCl,),, via
a living cationic-induced polymerization, with molecular
weight control.> This polymerization route also serves
as an efficient method for the direct preparation of a
variety of poly(organophosphazenes)® via the PCls-
induced polymerization of organophosphoranimines at
ambient temperature. Recent extensions of this method
have resulted in the development of phosphazene-based
block copolymers.”

Previous studies, involving the reactivity of ClsP=
NSiMejs (1), have shown that this species interacts with
2 equiv of PCls to form [CIsP=NPCI;]*[PCle]~ with the
elimination of Me3SiClL.#8 This ionic intermediate can
then be induced to react with an additional equivalent
of 1 to eliminate MesSiCl and form the short-chain
cationic species [ClzP=NPCIl,=NPCI;]"[PCls]~. Oligo-
meric products can be obtained by the addition of
further equivalents of 1 to this species.®> In view of these
results, it appeared possible that the reaction of 1 with
a small amount of an initiator that contained multiple
[RsP=NPCI3]"[PCls]~-type sites could yield medium or
high molecular weight star polymers. Cyclic phos-
phazenes such as the hexakis(aryloxy)cyclotriphos-
phazenes, [N=P(p-OCgHsNH),]3, [N=P(p-OCsH,COO-
H)2]s, and [N=P(p-OCsH4COCI),]3, have served as core
units in the synthesis of a variety of organic-based
hexaarmed star polymers, including poly(amino acids),
nylon-6, and polystyrene/nylon-6 block copolymer sys-
tems.?10 Also, dendritic cyclotriphosphazene-based ma-
terials have recently been synthesized which are sup-
ported by alumina or molecular sieves.11-13 However,
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to our knowledge, free-standing, totally phosphazene-
based star polymer systems have not been described.

In this paper, we report the synthesis of triarmed
phosphazene-based star polymers via the cationic-
induced polymerization of phosphoranimines at ambient
temperatures. This method results in the synthesis of
star polymers with molecular weight control and low
polydispersity indices.

Phosphoranimines such as (CF3CH,0),BrP=NSiMe;
have been shown to readily undergo substitution reac-
tions in the presence of alkoxides or amines, to produce
(CF3CH;0),RP=NSiMe; species (R = RO or RNH).1415
With this in mind, the tridentate primary amine N(CH,-
CH2NH3)3; was mixed with (CF3CH20),BrP=NSiMejs, in
the presence of NEt; to produce the trifunctional phos-
phoranimine N{ CH,CH>;NH(CF3;CH,0),P=NSiMez3} 3 (3).
Subsequent reaction of 3 with 6 molar equiv of PCls at
—78 °C in CH.CI, resulted in the formation of the
trifunctional cationic species [N{ CH,CH;NH(CF3;CH>-
0)2P=NPCI3*}3] [PCls7]5 (4) (Scheme 2). Species 4 was
then treated with a 30-fold excess (per reactive site) of
ClsP=NSiMe3; (1) in CH.Cl,. After 3 h at 25 °C,
examination of the reaction mixture by 3P NMR
spectroscopy revealed the complete conversion of 1 to a
new form of poly(dichlorophosphazene), (N=PClI,),
based on a characteristic resonance at —17 ppm with
loss of the doublet resonances for 4. Also detected was
a doublet resonance at ca. 8.2 ppm, as well as triplet
resonances at —14.5 and —15.5 ppm, consistent with the
presence of the star polymer N{CH,CH;NH(CF3;CH,-
0),P=NPCI;N=PCI;[N=PCl;]n}s (Figure 1). Integra-
tion of the 3'P NMR resonances associated with the star
polymer were consistent with theoretical values based
on the initial reactant ratio of 1:4. This product was
treated with an excess of sodium trifluoroethoxide to
replace the chlorine atoms by trifluoroethoxy groups and
generate the hydrolytically stable star polymer N{CH,-
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Figure 1. 3P NMR spectrum of N{CH,CH,NH(CF;CH-
O)2P=NPC|2N=PC|2[N=PC|z]n}3 in CH2C|2

Table 1. Star Polymer Molecular Weights

M:l/reactive  reaction Mn x 1072
site time (h) founda  found®  calcd® PDI
10:1 0.66 12.6 9.1 9.1d 1.05
15:1 1 17.0 13.0 13.0 1.02
30:1 3 20.6 23.7 23.7 1.03
50:1 6 35.3 NA 38.3 1.03
100:1 14 41.6 NA 74.8 1.36

a Molecular weights by GPC following replacement of Cl by
NaOCH,CF3. ® Molecular weights by end group analysis using 3'P
NMR spectroscopy. ¢ Calculated at 100% conversion. ¢ M, = 8.1
x 108 by 'H NMR integration based on a core:trifluoroethoxy ratio
of 1:8.5.
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Figure 2. GPC chromatograms of star polymer 5 synthesized
from (a) 10:1 1:4 ratio, (b) 15:1 1:4 ratio, and (c) 30:1 1:4 ratio.

CH,;NH(CF3CH20),P[N=P(OCH,CF3)2]n}3 (5). Analysis
of 5 by gel permeation chromatography (GPC) indicated
that it possessed an M, of 2.1 x 10* and a polydispersity
index (PDI = M\/M,) of 1.03 versus polystyrene stan-
dards. The molecular weights of these star polymers
can be controlled by variation of monomer:initiator
ratios (Table 1). End-group analysis by 3P NMR
spectroscopy was also used to provide molecular weight
estimates in cases where the end-group unit [—NP-
(OCH2CF3);NH—] was detectable.

Preliminary comparisons of the physical properties
of low molecular weight samples of 5 with the linear
analogue [N=P(OCH,CFs3);], (2) of comparable molec-
ular weight (1.2 x 10%) revealed that, while the linear
polymer is a crystalline white fibrous material which
readily forms films, the triarmed star polymer 5 is a
pale yellow, viscous gum. The corresponding star and

Communications to the Editor 1855

linear polymers with molecular weights higher than 1.7
x 10% show similar physical characteristics. In addition,
GPC chromatograms for 5 with M, above 2.1 x 10*
appear to underestimate the molecular weight and
provide indirect evidence for the branched nature of 5.
Efforts are currently focused on the further development
of phosphazene star polymers and on structural studies,
including light scattering.

Experimental Section. Materials. 2,2,2-Trifluo-
roethanol, sodium metal, and tris(2-aminoethyl)amine
were obtained from Aldrich and were used without
further purification. Phosphorus pentachloride (Ald-
rich) was sublimed under vacuum. Sodium trifluoro-
ethoxide!® and (CFsCH,0),BrP=NSiMe;!* were synthe-
sized and purified by literature procedures. Di-
chloromethane (Aldrich) was dried and distilled from
CaH, and then from P,Os into the reaction flask.

Preparation of N(CH,CH;NH(CF3CH;0),P=NSi-
Mez)s (3). A mixture of (CF;CH,0),BrPNSiMes!* (16
g, 40.4 mmol) and NEts (4.08 g, 40.4 mmol) in THF (200
mL) was cooled to —78 °C. To this solution N(CH,CH>-
NH)3 (1.96 g, 13.4 mmol) was added dropwise over a
20 min period. The reaction mixture was stirred at —78
°C for 1 h and then warmed to room temperature. All
volatiles were removed in vacuo to produce an orange
oil. Distillation under high vacuum (170 °C, 0.2 mmHg)
produced 3 as a pale-yellow oil. For 3: Yield 9.01 g
(60%). H NMR (CDCls): 6 = 4.23 (q, 3Jur = 16 Hz,
4H, CH;0), 3.05 (br m, 2Jun = 12 Hz, 2H, CH,;NH), 2.5
(br t, 2Jyy = 11 Hz, 2H, NCHy), 1.23 (br s, 1H, NH),
0.03 ppm (d, 4Jpy = 1 Hz, 9H, SiCHa3). 3P NMR
(CDCl3): 6 = —0.7 ppm. 13C NMR (CDCls): 6 = 124.6
(g of d, 2Jcr = 310 Hz, 3Jcp = 9 Hz, CF3), 61.8 (d of g,
ZJCP =10 HZ, 3~JCF = 36 HZ, CHzo), 55.2 (d, ZJPC =9
Hz, CH,NH), 39.4 (s, NCH,), 2.5 ppm (d, 3Jpc = 1 Hz,
SiCHj3). MS (Cl, isobutane): m/z = 1092 (MH™, 17%),
1076 (Mt — Me, 15%), in good agreement with isotopic
abundance calculations. Anal. Calcd: C, 29.70; H, 4.91;
N, 9.02. Found: C, 28.81; H, 4.61; N, 9.37.

Preparation of N[CH,CH;NH(CF3;CH,0),P=N-
PCI3™]3[PCle7 ]z (4). To a stirred solution of PCls (4.0
g, 19 mmol) in CH,CI;, (200 mL) at —78 °C was added 3
(3.5 g, 3.2 mmol) dropwise over a period of 20 min. The
reaction mixture was stirred at —78 °C for 1 h and
allowed to warm to room temperature. After solvent
removal in vacuo, the remaining residue was washed
with hexane (4 x 100 mL) to produce 4 as a light yellow
solid. For 4: Yield 4.5 g (70%). 3P NMR (CDCl3): 6 =
17.7 (d, 2Jpp =51 Hz, (CF3CH20)2P=N)), 7.6 (d, zJpp =
51 Hz, CIsPN), —297 ppm (s, PClg™).

Polymerization of ClsP=NSiMes (1) by N[CH>-
CH2NH(CFgCHzO)zP:NPC|3+]3 [PC'G_]g (4) in Solu-
tion. General Procedure. To a stirred solution of 4
(0.10 g, 4.6 x 1072 mmol) in CH,Cl, (1.5 mL) at 25 °C
was added 1 (0.90 g, 4.10 mmol). After 3 h all of the
initial monomer 1 had reacted, as evidenced by the
disappearance of the 3P NMR resonance for 1 at —54
ppm and the presence of a new resonance at —17.6 ppm
for [N=PCl,],. For N{CH,CH;NH(CF3CH,0),P=NP-
C|2N=PC|2[N=PC|z]n}3Z 31p NMR (CH2C|2)Z 0=8.2 (d,
1P, 2Jpp = 29 Hz, (CF3CH,0),P=N), —14.5, —15.5 (t,
2P, 2Jpp = 40 Hz, (CF3CH,0),P=NPCI,N=PClIy(N=P-
Cly)n]), —17.6 ppm (br s, 28P, [N=PClI,],). All volatile
species were removed at reduced pressure. The residue
was then dissolved in 10 mL of dioxane and treated with
2.5 M sodium trifluoroethoxide (10 mmol) in dioxane (4
mL). The mixture was then refluxed for 1 h and stirred
at 25 °C for 24 h to produce the macromolecule N[CH,-
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CHZNH(CFgCH20)2P=NP(OCHzCF3)2(N=P(OCH2C-
F3)2)nls (5). Polymer 5 was then precipitated into
deionized water (3x) and hexane (2x). For 5: Yield
90%. 3P NMR (CH:Clp): 6 = —6.9 ppm. H NMR
(CDCl3): 6 = 4.23 (q, 3Jur = 16 Hz, 2H, CH;0), 3.05
(br m, 2Jyy = 12 Hz, 2H, CH,;NH), 2.5 (br t, 2Jpy = 11
Hz, 2H, NCHy,), 1.23 (br s, 1H, NH), 0.03 ppm (d, *JpH
=1 Hz, 9H, SiCH3). GPC: M, = 2.1 x 10* and PDI =
1.03. Anal. Calcd: C, 19.80; H, 1.61; N, 5.79. Found:
C, 19.62; H, 1.50; N, 5.41.

In order to control the molecular weight, the ratio of
monomer to initiator was varied by changing the
amount of monomer while keeping all other amounts
constant (see Table 1).

Acknowledgment. J.M.N. and H.R.A. thank the
U.S. Office of Naval Research and the Federal Aviation
Administration for support of this work. J.M.N. also
thanks the Natural Sciences and Engineering Research
Council of Canada (NSERC) for a Postdoctoral Research
Fellowship. We also acknowledge helpful discussions
with Prof. I. Manners of the University of Toronto.

References and Notes

(1) (a) Tomalia, D. A.; Durst, H. D. Top. Curr. Chem. 1993, 165,
193. (b) Gitsov, I.; Dvornic, P. R.; Tomalia, D. A. Macromol.
Symp. 1994, 88, 123. (c) Fréchet, J. M. Science 1994, 263,
1710. (d) Gitsov, I.; Wooley, K. L.; Hawker, C. J.; Ivanova,
P. T.; Fréchet, J. M. Macromolecules 1993, 26, 5621. (e)
Gitsov, |.; Fréchet, J. M. Macromolecules 1993, 26, 6536.
(f) Gitsov, I.; Wooley, K. L.; Fréchet, J. M. Angew. Chem.,
Int. Ed. Engl. 1992, 31, 1200.

(2) (a) Mark, J. E.; Allcock, H. R.; West, R. Inorganic Polymers;
Prentice Hall: Englewood Cliffs, NJ, 1992. (b) Allcock, H.

Macromolecules, Vol. 30, No. 6, 1997

R.; Klingenberg, E. H. Macromolecules 1995, 28, 4351. (c)
Allcock, H. R.; Kim, C. Macromolecules 1991, 24, 2846. (d)
Allcock, H. R.; Dembek, A. A,; Kim, C.; Devine, R. L. S;
Shi, Y.; Steier, W. H.; Spangler, C. W. Macromolecules 1991,
24, 1000. (e) Allcock, H. R. In Biodegradable Polymers as
Drug Delivery Systems; Langer, R., Chasin, M., Eds.; Marcel
Dekker: New York, 1990.

(3) Allcock, H. R. Adv. Mater. 1994, 6, 106.

(4) Honeyman, C. H.; Manners, |.; Morrissey, C. T.; Allcock,
H. R. 3. Am. Chem. Soc. 1995, 117, 7035.

(5) Allcock, H. R.; Crane, C. A.; Morrissey, C. T.; Nelson, J. M;
Reeves, S. D.; Honeyman, C. H.; Manners, I. Macromolecules
1996, 29, 7740.

(6) Allcock, H. R.; Nelson, J. M.; Reeves, S. D.; Honeyman, C.
H.; Manners, I. Macromolecules 1997, 30, 50.

(7) Allcock, H. R.; Reeves, S. D.; Nelson, J. M.; Crane, C. A.
Macromolecules, accepted for publication.

(8) Honeyman, C. H.; Lough, A. J.; Manners, I. Inorg. Chem.
1994, 33, 2988.

(9) Chang, J. Y.; Ji, H. J.; Han, M. J.; Rhee, S. B.; Cheong, S.;
Yoon, M. Macromolecules 1994, 27, 1376.

(10) Miyata, K.; Watanabe, Y.; Itaya, T.; Tanigaki, T.; Inoue, K.
Macromolecules 1996, 29, 3694.

(11) Slany, M.; Bardaji, M.; Casanove, M.-J.; Caminade, A.-M.;
Majoral, J.-P.; Chaudret, B. 3. Am. Chem. Soc. 1995, 117,
9764.

(12) Galliot, C.; Prévoté, D.; Caminade, A.-M.; Majoral, J.-P. J.
Am. Chem. Soc. 1995, 117, 5470.

(13) Sournies, F.; Crasnier, M.; Graffeuil, J.-P.; Lahana, R
Labarre, M.-C.; Labarre, J.-F. Angew. Chem., Int. Ed. Engl.
1995, 34, 578.

(14) Neilson, R. H.; Wisian-Neilson, P. Inorg. Synth. 1989, 25,
69.

(15) Wisian-Neilson, P.; Neilson, R. H. J. Am. Chem. Soc. 1980,
102, 2848.

(16) Allcock, H. R.; Kugel, R.; Valan, K. J. Inorg. Chem. 1966, 5,
1709.

MA961619H



