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A series of novel halogenated alkoxy and aryloxy polyphosphazenes have been synthesized
via macromolecular substitution reactions carried out on poly(dichlorophosphazene). These
polymers showed good film-forming properties and tunability of refractive index. Moreover,
several examples combined low glass transition temperatures with high refractive index
changes as a function of temperature — a prerequisite for optical switching applications.
The refractive indices could be controlled over the range of 1.3889—1.5610 by alterations to
the side-groups or side-group ratios. The birefringence (nte — ntw) of these polyphosphazenes
was shown to be highly dependent on the amount of aryloxy side-group attached to the
polyphosphazene backbone. They showed evidence of thermal stability up to 400 °C. These
properties, combined with the tailorability of the polyphosphazene system make chlorinated-
and fluorinated-, alkoxy- and aryloxy-substituted polyphosphazenes possible candidates for
optical waveguide and optical switching applications.

Introduction

Much research has been focused on the development
of new organic and inorganic materials for optical and
electrical applications.’~* Materials for use in optical
applications should be optically transparent and have
good film-forming properties, high thermal stability,
tunable refractive indices, and low optical losses at the
telecommunication wavelengths of 1.3 and 1.55 um.5
Polymers have emerged as a promising class of optical
materials due to their impact-resistance, ease of fabrica-
tion, low density, and cost-effective technologies. How-
ever, most organic polymers suffer from limited thermal
stability, and high optical propagation losses which
originate from light absorption from higher harmonics
of molecular vibrations in the near-infrared region of
the spectrum.5” This problem is associated with the

* Corresponding author. Fax: 814-865-3314. Phone: 814-865-3527.
E-mail: hra@chem.psu.edu.

(1) Hornak, L. A. Polymers for Lightwave and Integrated Optics:
Technology and Applications; Marcel Dekker Inc: New York, 1992.

(2) (a) Eldada, L.; Xu, C.; Stengel, K. M. T.; Shacklette. L. W.;
Yardley, J. T. J. Lightwave Technol. 1996, 14 (7), 1704. (b) Eldada, L.;
Stengel, K. M. T.; Shacklette, L. W.; Norwood, R. A.; Xu, C.; Wu, C;
Yardley, J. T. SPIE 1997, 3006, 344. (c) Eldada, L.; Shacklette. L. W.
IEEE J. Sel. Top. Quantum Electron. 2000, 6 (1), 54.

(3) Kane, C. F.; Krchnavek, R. R. IEEE Trans. Compon., Packag.,
Manuf. Technol. Part B 1995, 18 (3), 565.

(4) Kane, C. R.; Krchnavek, R. R. IEEE Photon. Technol. Lett. 1995,
7, 535.

(5) Han, K;; You, K.; Jang, W.-H.; Rhee, T. H. Macromol. Chem.
Phys. 2000, 201 (6), 747.

(6) Harmon, J. P. Polym. Prepr. (Am. Chem. Soc. Div. Polym. Chem.)
1999, 40 (2), 1256.

(7) Takezawa, Y.; Ohara, S. J. Appl. Polym. Sci. 1993, 49, 169.

10.1021/cm020912v CCC: $25.00

aliphatic C—H, O—H, and N—H bonds found in these
polymers.67 Replacement of aliphatic C—H bonds with
elements of higher mass, as in C—D, C—Cl, and C—F
units, substantially lowers the energy of fundamental
bond vibration and has greatly reduced absorption at
the telecommunication wavelengths.? This strategy has
decreased the optical loss and has led to the develop-
ment of low-loss polymeric devices based on deuterated
fluoromethacrylates, fluorinated polyimides, deuterated
polysiloxanes, and fluorinated poly(arylene ether).8-11
However, this has proved to be a costly approach, and
has introduced complexity into both the monomer and
polymer synthesis.5®

Polyphosphazenes are hybrid organic—inorganic poly-
mers that contain a backbone of alternating nitrogen
and phosphorus atoms and yield many different chemi-
cal and physical properties depending on the structure
of the two side-groups attached to each phosphorus
atom.’2 Most polyphosphazenes are synthesized via the
macromolecular replacement of chlorine atoms in poly-
(dichlorophosphazene) with the use of various nucleo-
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philes. This provides a facile synthetic route to high-
molecular-weight polymers with varying structures by
the introduction of different side-groups and variations
in the ratios of two or more different side-groups along
each chain. Polyphosphazenes have several advantages
over more traditional polymers for use in optical ap-
plications. First, the N—P backbone is thermo-oxida-
tively stable and lacks C—H bonds.!? Second, the
backbone has broad ranges of transparency from the
mid-ultraviolet to the near-infrared. Third, the synthesis
of poly(organophosphazenes) from a macromolecular
intermediate allows the facile development of multiple-
substituent polyphosphazenes with tunable physical
properties such as Tg, refractive index, and birefrin-
gence. Thus, the properties needed for a specific optical
application can be tailored simply by altering the side-
group type or side-group ratio without the need for
development of new monomers or polymerization
conditions.13715 Recently, polyphosphazenes and func-
tionalized-cyclotriphosphazenes have been investigated
as high refractive index and nonlinear optical
materials.13-15

In this work, we report the synthesis, and optical and
thermal characterization, of novel polyphosphazenes
that bear fluorinated- or chlorinated-, alkoxy- or aryloxy-
substituents. These optically transparent, amorphous
polymers can be tuned structurally to generate variable
refractive indices, tailorable birefringence, and good
film-forming properties. In addition, high values of dn/
dT (change in refractive index with temperature) were
found. These properties are important for both optical
waveguide and optical switching applications.

Experimental Section

Materials. Hexachlorocyclotriphosphazene (Nippon Fine
Chemical Co.) was purified by recrystallization from heptane
and was sublimed at 55 °C (0.05 mmHg). Poly(dichlorophos-
phazene) was prepared by the ring opening polymerization of
hexachlorocyclotriphosphazene at 250 °C as described previ-
ously.*® Pentafluorophenol, 2,2,3,3,4,4,5,5-octafluoro-1-pen-
tanol, 2,4,5-trichlorophenol, 2,4-dichlorophenol, 2,2,2-trifluo-
roethanol, a,a,a,-trifluoro-m-cresol, sodium hydride (60%
dispersion in mineral oil), and tetra-n-butylammonium bro-
mide were obtained from Aldrich and used as received.
Tetrahydrofuran (Omnisolv) was dried over sodium benzophe-
none ketyl and was distilled under an atmosphere of dry argon.
All reactions were performed under an atmosphere of dry
argon with standard Schlenk techniques.

General. NMR spectra were obtained at 298 K using a
Bruker AMX-360 NMR spectrometer resonating at 360.23
MHz for 1H, 145.81 MHz for 3P, and 90.56 MHz for 13C. All
1H and 13C NMR samples were prepared with deuterated THF
(Isotec, 99.5%), unless otherwise noted, and referenced to
tetramethylsilane (TMS). 3P NMR shifts are relative to 85%
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phosphoric acid as an external reference, with positive shift
values downfield from the reference. Molecular weights were
estimated using a Hewlett-Packard HP 1090 gel permeation
chromatograph equipped with an HP-1047A refractive index
detector, two Phenogel 10- linear columns (Phenomenex), and
calibrated versus polystyrene standards (Polysciences). The
samples were eluted at 40 °C with a 0.1 wt % solution of tetra-
n-butylammonium nitrate (Aldrich) in THF (Omnisolv). Ther-
mal gravimetric analyses (TGA) were obtained using a Perkin-
Elmer TGA-7 under an atmosphere of dry nitrogen using a
heating rate of 10 °C/min. Thermal data were obtained through
differential scanning calorimetry (DSC) using a Perkin-
Elmer-7 thermal analysis system equipped with a PC com-
puter. Calibration of the Perkin-Elmer-7 thermal analysis
system was achieved through use of indium and cyclohexane
standards. Polymer samples were heated from —70 °C to 200
°C under an atmosphere of dry nitrogen. Approximately 20-
mg samples were hermetically sealed in aluminum pans and
heated at 20 and 40 °C/min.

General Method for Preparation of Mixed-Substituent
Poly[bis(aryloxy)Phosphazenes]. Synthesis of [N=P-
(OCsH4CF3)1.0(0OCsFs)1.0]n (1). All mixed-substituent poly[bis-
(aryloxy) phosphazenes] aromatic side-group-containing poly-
mers (1—2) were prepared in a similar manner by modification
of a literature procedure.’” The procedure for the synthesis of
[N=P(OC¢H4CF3)1.0(0OCsFs)1.0]n (1) is given as a typical ex-
ample. A solution of a,a,a,-trifluoro-m-cresol (7.0 g, 43.2 mmol)
in 100 mL of THF was added dropwise to a suspension of
sodium hydride (1.728 g, 43.2 mmol) in 100 mL of THF at room
temperature. In a separate reaction, a solution of pentafluo-
rophenol (11.93 g, 64.8 mmol) in 100 mL of THF was added to
a suspension of sodium hydride (2.59 g, 64.8 mmol) and tetra-
n-butylammonium bromide (1.0 g, 3.0 mmol) in 200 mL of
THF. The first sodium aryloxide solution, sodium 3-trifluo-
romethylphenoxide, was added to an autoclave containing a
solution of poly(dichlorophosphazene) (5.0 g, 43.2 mmol) in 600
mL of THF and the mixture was stirred for 30 min. The second
aryloxide solution (sodium pentafluorophenoxide) was then
added to the autoclave, which then was pressurized to 1 atm
with argon, sealed, and heated to 150 °C. After 20 h, the
autoclave was cooled to room temperature, and the contents
were precipitated into acidified water. The polymer was
purified further by precipitations from THF into deionized H,0
(2x) and hexanes (2x). Before the last precipitation into
hexanes, the polymer solution was vacuum-filtered. The
resultant polymer was dried in vacuo to yield a white solid.

Compound 1. *H NMR (THF-dg): ¢ 6.80—6.95 (br, 3H),
7.12 (d, 1H). ¥C NMR (THF-dg): ¢ 113.72, 115.46, 118.47,
120.04, 121.48, 124.48, 126.82, 127.78, 128.14, 128.50, 128.87,
147.35. 3'P NMR (THF-dg): 6 —19.3.

[N=P(OCGH3C|2)1_0(OC5F5)1_0]n (2a) 1H NMR (THF-dg): 0
6.75—7.25 (br, 3H). 3C NMR (THF-dg): o 118.77, 123.16,
125.00, 127.66, 133.80, 134.87, 136.57, 137.19, 139.85, 142.65.
3P NMR (THF-dg): 6 —21.9, —23.8.

[N=P(OCsHsCl,)0.6(OCsFs)1.4]n (2b). TH NMR (THF-dg): ¢
6.75—7.25 (br, 3H). *C NMR (THF-dg): & 118.77, 123.16,
125.00, 127.66, 133.80, 134.87, 136.57, 137.19, 139.85, 142.65.
3P NMR (THF-dg): 6 —21.9, —23.8.

General Method for Preparation of Poly[(alkoxy)-
(aryloxy)phosphazenes] (Polymers 3a—5). Synthesis of
[N=P(OCGH3C|z)o.s(ocH2(CF2)3CF2H)1.4]n (Sa) The pOly-
[(alkoxy)(aryloxy)phosphazenes] (3a—5) were prepared in a
similar manner. The procedure for the synthesis of [N=
P(OCsH3Cl2)0.6(OCH2(CF2)sCF2H)1 4]n (3a) is given as a typical
example. A solution of 2,4—dichlorophenol (4.22 g, 25.9 mmol)
in 100 mL of THF was added dropwise to a suspension of
sodium hydride (1.04 g, 25.9 mmol) in 150 mL of THF at room
temperature. In a separate reaction, 2,2,3,3,4,4,5,5-octafluoro-
1-pentanol (21.05 g, 90.7 mmol) was added to a suspension of
sodium hydride (3.63 g, 90.7 mmol) in 250 mL of THF. The
sodium 2,4-dichlorophenoxide solution was then added to a
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2-L round-bottom flask containing a solution of poly(dichlo-
rophosphazene) (5.0 g, 43.2 mmol) in 500 mL THF, and the
mixture was stirred at room temperature for 4 h. The second
nucleophile, sodium octafluoropentoxide, was added to this
reaction mixture and the system was warmed to 50 °C. After
24 h, the reaction mixture was cooled to room temperature,
and the contents were precipitated into acidified water. The
polymer was purified further by precipitations from THF into
deionized H,0 (2x) and hexanes (2x). Before the last precipi-
tation into hexanes, the polymer solution was vacuum-filtered.
The resultant polymer was dried in vacuo to yield a white,
rubbery solid.

Compound 3a. 'H NMR (THF-dg): 6 4.30 (s, 2H), 6.50 (t,
1H), 6.80—7.50 (br, 3H). 3C NMR (THF-dg): 6 61.0 (t, 27 Hz),
103.89 (t, 32 Hz), 106.33 (t,31 Hz), 108.75 (quin, 34 Hz), 112.86
(m), 120.35, 124.73, 126.10, 128.64, 143.80. 3P NMR (THF-
dg): 0 -8.1, —12.4, —18.8.

[N=P(OCsH5Cl3)1.0(OCH2(CF2)sCF2H)1.0]n (3b). *H NMR
(THF-dg): 0 4.30 (s, 2H), 6.50 (t, 1H), 6.80—7.50 (br, 3H). 13C
NMR (THF-dg): ¢ 61.0 (t, 27 Hz), 103.89 (t, 32 Hz), 106.33 (t,
31 Hz), 108.75 (quin, 34 Hz), 112.86 (m), 120.35, 124.73,
126.10, 128.64, 143.80. %'P NMR (THF-dg): 6 -8.7, —14.3,
—19.8.

[N=P(OCgsH3Cl;)1.4(OCH2(CF2)sCF2H)o6]n (3¢). *H NMR
(THF-dg): 0 4.30 (s, 2H), 6.50 (t, 1H), 6.80—7.50 (br, 3H). 13C
NMR (THF-dg): ¢ 61.0 (t, 27 Hz), 103.89 (t, 32 Hz), 106.33 (t,
31 Hz), 108.75 (quin, 34 Hz), 112.86 (m), 120.35, 124.73,
126.10, 128.64, 143.80. *'P NMR (THF-dg): ¢ —10.1, —16.1,
—21.6.

[N=P(OCsH:Cl35)0.4(OCH2(CF2)sCF2H)16]n (4a). *H NMR
(THF-dg): 0 4.50 (s, 2H), 6.60 (t, 1H), 7.70 (br, 2H). 13C NMR
(THF-dg): ¢ 63.64 (t, 27 Hz), 106.40 (t, 32 Hz), 109.19 (t, 31
Hz), 111.63 (quin, 34 Hz), 115.32 (m), 118.28, 123.36, 125.64,
130.47, 132.26, 146.01. 3P NMR (THF-dg): & —5.9, —11.2.

[N=P(OCsH2Cl3)10(OCH2(CF2)sCF2H)10]n (4b). *H NMR
(THF-dg): 6 4.40 (s, 2H), 6.50 (t, 1H), 7.70 (br, 2H). 13C NMR
(THF-dg): ¢ 63.64 (t, 27 Hz), 106.40 (t, 32 Hz), 109.19 (t, 31
Hz), 111.63 (quin, 34 Hz), 115.32 (m), 118.28, 123.36, 125.64,
130.47, 132.26, 146.01. 3P NMR (THF-dg): 6 -6.7, —14.2,
—20.5.

[NP(OC¢H:Cl3)1 6(OCH2(CF2)sCF2H)04]n (4c). *H NMR
(THF-dg): 6 4.40 (s, 2H), 6.50 (t, 1H), 7.50 (br, 2H). 13C NMR
(THF-dg): 0 63.64 (t, 27 Hz), 106.40 (t, 32 Hz), 109.19 (t, 31
Hz), 111.63 (quin, 34 Hz), 115.32 (m), 118.28, 123.36, 125.64,
130.47, 132.26, 146.01. 3P NMR (THF-dg): ¢ -10.0, —15.1,
—22.0.

[N=P(OCsH,Cl3)04(OCH,CF3)16]n (5). *H NMR (THF-
ds): 8 4.50 (s, 2H), 7.50 (br, 2H). 13C NMR (THF-ds): 6 62.12,
117.26, 120.30, 121.54, 123.37, 124.12, 126.42, 128.50, 130.24,
144.30. 3P NMR (THF-dg): ¢ -6.6, —11.6, —18.0.

Preparation of Polyphosphazene Films. Solutions (5 wt
%) of polyphosphazenes (1—-5) in dry cyclohexanone were
filtered through 0.2-um membrane filters and were spin-coated
onto silicon wafers to form 3—5-um films of uniform thickness.
The polyphosphazene films were soft baked in an oven to
remove residual solvent and heat aged at 150 °C overnight.

Optical Characterization. Optical Characterization (re-
fractive index (nrg, ntm), birefringence (nte — ntm), film
thickness, and thermooptic coefficient (dn/dT)) of the poly-
phosphazene films was performed by Lightwave Microsystems
Corp. through use of a FilmTek 4000, which is a computerized
thin film characterization system that combines fiber-optic
spectrophotometry with multiangle differential power spectral
density analysis.

Results and Discussion

Polymer Synthesis. In an attempt to synthesize
amorphous polyphosphazenes with variable refractive
indices for potential use in optical waveguide or optical
switching applications, we have used chlorinated- and
fluorinated-, alkoxy and aryloxy side-groups with the
minimum number of aliphatic C—H bonds to minimize
optical absorption at the telecommunication wave-

Chem. Mater., Vol. 15, No. 2, 2003 475

Scheme 1

1
Cl 1. NaOR OR]
| -NaCl |
N=1I - N—P
J 2. NaOR | ,
Cllp NaCl OR"Jp

poly(dichlorophosphazene)

Polymer R! (amount) R? (amount)

CF,

Fs
=X
1 @ 1.0) L) o
_/F a
2a \ / (1.0) c (1.0)
_/F a
2b \ / 0.6) —@-cn (1.4)

Cl

3

»

¥

3a a (0.6 -CH,(CFy);CF,H  (1.4)
Cl

3b —@-cn 1.0) -CH,(CF,);CF,H (1.0)
Cl

3¢ —<\ >—c1 (1.4) -CH,(CF,);CF,H  (0.6)
Cl

4a Ocr ©0.4) -CHy(CF,);,CF,H  (1.6)
a o

4b @—cn (1.0) -CHy(CF,);CF,H (1.0)
Cl Cl

4c —Q—c- (1.4) -CH,(CF,);CF,H  (0.6)

(0.4) -CH,CF; (L.6)

wn
Q i
Q

lengths (1.3 and 1.55 um). Mixed-substituent, poly[bis-
(aryloxy)phosphazenes] (1—2) and poly[(alkoxy)(aryloxy)
phosphazenes] (3a—5) were synthesized via the sequen-
tial macromolecular replacement of the chlorine atoms
in poly(dichlorophosphazene) with an appropriate so-
dium aryloxide, followed by the addition of a second
sodium aryloxide or alkoxide in excess (1.5 equiv/
remaining CI) to yield fully substituted polymers (Scheme
1). In the case of the poly[bis(aryloxy)phosphazenes] (1—
2), full substitution of poly(dichlorophosphazene) was
difficult because of steric effects and the insolubility of
the sodium aryloxides. Therefore, these reactions were
carried out in a pressurized autoclave (5 bar) at 150 °C
using a phase transfer catalyst (tetra-n-butylammonium
bromide). The poly[(alkoxy)(aryloxy) phosphazenes] (3a—
5) were prepared under milder conditions at ambient
temperature or with gentle heating at atmospheric
pressure. The reaction byproduct, sodium chloride, and
the excess sodium alkoxides or aryloxides were removed
from the polymers through repeated precipitations of a
polymer solution into deionized water and hexanes.
Subsequent drying under reduced pressure yielded
polymers 1-5, which were characterized by multi-
nuclear NMR (*H, 3P, and 13C), gel permeation chro-
matography (GPC), differential scanning calorimetry
(DSC), and thermogravimetric analysis (TGA). Char-
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Table 1. Physical Properties of Polyphosphazenes 1-5
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Table 2. Optical Properties of Polyphosphazenes 1-5

composition

polymer ratio® (R:R?) M, (x10%° MM T  T¢
1 - 680 4.4 75 450
2a 45:54b 370 10.2 40 439
2b 64:36P 375 2.7 61 482
3a 29:71 570 7.4 —44 426
3b 41:59 590 15 —26 400
3c 74:26 618 2.4 7 430
4a 16:84 461 2.5 —57 435
4b 40:60 847 2.3 9 426
4c 66:34 807 3.0 38 432
5 20:80 748 2.1 —30 419

a Calculated from *H NMR spectra. P Calculated from 3P NMR
spectra. ¢ GPC values versus polystyrene standards. 9 Measured
by DSC. ¢ 5% weight loss measured by TGA.

100

80

Weight (%)

100 200 300 400 500 600 700 800
Temperature (°C)

Figure 1. TGA thermograms of polyphosphazenes 2a, 3b, 4a,
and 5.

acterization data are reported in Table 1. The synthesis
method yielded high molecular weight, fully substituted,
poly[bis(aryloxy)phosphazenes](1—2) and poly[(alkoxy)-
(aryloxy) phosphazenes] (3a—5) in good yields (65—70%
based on [NPCI;],) The products were readily soluble
in THF, DMF, and cyclohexanone. Polymer films of 1-5
were obtained through solution casting from cyclohex-
anone to produce thick, ductile and optically transparent
samples. The side-group ratios of polymers 1—5 were
estimated from both 3P and 'H NMR data and found
to be in good agreement with the feed ratios of the
sodium aryloxides and alkoxides (Table 1).

Thermal Properties. Polymeric materials for use in
optical or electronic applications must display sufficient
thermal stability to withstand prolonged periods of
thermal variation during device fabrication and opera-
tion.1218 Polyphosphazenes 1—5 demonstrate superior
stability against chain fragmentation and side-group
volatilization as depicted in the TGA thermograms
shown in Figure 1. The initial thermal decomposition
temperatures (Tq4) (Table 1) of polyphosphazenes 1-5
are in excess of 400 °C (>440 °C for poly[bis(aryloxy)-
phosphazenes] (1—2)) which are comparable to those of
poly(arylene ethers) and poly(pentafluorostyrene-co-
glycidyl methacrylate).®1° However, it should be recog-
nized that these values probably over-estimate the
thermal stability because weight loss values in this
temperature range often reflect the volatilization of
species formed by decomposition at lower temperatures.
The high flexibility of the backbone in polyphosphazenes

(18) Usui, M.; Imamura, S.; Sugawara, S.; Hayashida, S.; Sato, H.;
Hikita, M.; Izawa, T. Electro. Lett. 1994, 30, 958.

(19) Pitois, C.; Vukmirovic, S.; Hult, A.; Wiesmann, D.; Robertsson,
M. Macromolecules 1999, 32, 2903.

dn/dT (x10-4)

polymer CI/F2  nte NT™ An  Dbelow Ty above Tq
1 - 1.4895 1.5172 0.0277 1.56 2.45
2a 0.4 1.5604 1.5936 0.0332 1.24 1.22
2b 0.93 15610 1.5857 0.0247 1.34 1.33
3a 0.093 1.4095 1.4184 0.0089  2.40 2.74
3b 0.174 1.4376 1.4484 0.0108  2.49 2.95
3c 0.712 15210 15459 0.0249  2.61 3.06
4a 0.071 1.3889 1.3936 0.0047  2.52 2.66
4b 0.25 1.4459 1.4577 0.0118  2.58 2.96
4c 0.730 1.5368 1.5561 0.0193  2.59 3.18
5 0.25 1.4388 1.4427 0.0039  2.80 3.00

a Molar CI/F content determined from side group ratios. ? All
values for dn/dT obtained at 1.55 um.

can give rise to low glass transition temperatures (Ty).
This is exemplified by polymers 1-5 which have Ty's
in the range from —57 to 75 °C (Table 2). The amor-
phous nature of these polymers was confirmed through
optical microscopy and the absence of any crystalline
melting transitions in the DSC traces. The glass transi-
tion temperatures of the poly[(alkoxy)(aryloxy) phosp-
hazenes] (3a—5) decrease with increasing amounts of
the fluorinated alkoxy side-group due to the flexibility
of the aliphatic alkyl chain which increases the free
volume of the polymer.23 Although the glass transition
temperatures of polyphosphazenes 3a—5 are near or
below 0 °C, these polymers show good dimensional
stability as thin films and can be cross-linked if needed
for a specific application.%20

Optical Properties. Generally, the refractive index
of polymeric materials for optical applications is tailored
to a specific range by molecular weight variations or
through the blending of different polymers.2! However,
molecular weight control can be difficult and irrepro-
ducible, and polymer blends can undergo phase separa-
tion over time which alters the optical properties of
these materials. The series of chlorinated- and fluori-
nated-, alkoxy- and aryloxy-substituted polyphosp-
hazenes discussed here allows the refractive index to
be modified by changing the polymer side-groups or
side-group ratios at the molecular level. The refractive
indices (nte and ntyv) of these polymers 1—5 ranged from
1.3889 to 1.5936 (Table 2), and were highly dependent
on the chlorine and fluorine content of the side-groups
(Figure 2). In other polymers, chlorine atoms or chlori-
nated side-groups generally increase the refractive index
of small molecules and polymers; whereas the incorpo-
ration of fluorine atoms or fluorinated side-groups
decreases the refractive indices of similar polymers.48-11
Our results are in good agreement with this trend. As
shown in Figure 2, the refractive indices of polymers
2b—5 are directly related to the molar CI/F ratio. The
polyphosphazenes with high CI/F ratios such as 2b, 3c,
and 4c, displayed high refractive indices, with ntg
values in excess of 1.50. The opposite trend applies to
those polyphosphazenes with low CI/F ratios, such as
3a and 4a, which have ntg values of 1.4095 and 1.3889,
respectively. The relationship between the CI/F ratio

(20) Kim, J.-P.; Lee, W.-Y.; Kang, J.-W.; Kwon, S.-K.; Kim, J.-J.;
Lee, J.-S. Macromolecules 2001, 34 (22), 7817.

(21) Gao, L.; Seliskar, C. 3. Chem. Mater. 1998, 10 (9), 2481.

(22) Hardaker, S. S.; Moghazy, S.; Cha, C. Y.; Samuels, R. J. J.
Polym. Sci. Part B: Polym. Phys. 1993, 31, 1951.

(23) Van Krevelen, D. W. Properties of Polymers; Elsevier: Am-
sterdam, 1976.
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Figure 2. Refractive index dependence on CI/F ratio in
selected polyphosphazenes.
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Figure 3. Birefringence changes as a function of aryloxy
content in selected polyphosphazenes.

and the refractive index of the polymer also applies to
polymers with different side-groups. For example, poly-
phosphazenes 4b and 5 bear different fluorinated-alkoxy
side-groups in dissimilar amounts, yet the CI/F content
of both polymers is similar, and this gives comparable
refractive indices. Polyphosphazenes that contain chlo-
rinated- and fluorinated-, alkoxy- and aryloxy-substit-
uents provide a readily tailorable system in which the
refractive index of a polymer can be adjusted through
the CI/F content. At the same time the specific haloge-
nated side-groups can be chosen to impart targeted
physical properties, such as glass transition tempera-
tures, for a given optical application. This avoids the
synthesis of new deuterated- or halogenated- monomers
and polymers.

Birefringence (An = nte — nv) in polymer systems
arises from the ordering of aromatic groups or orienta-
tion of polymer chains during processing and leads to
optical scattering losses.?223 Highly ordered or semi-
crystalline polymers such as poly(tetrafluoroethylene)
scatter light due to refractive index anisotropy between
microdomains which results in substantial optical loss.?*
It is for this reason that amorphous, isotropic materials
are normally required for optical applications.'—3 Figure
3 illustrates the dependence of the birefringence of
various poly[bis(aryloxy)phosphazenes] and poly[(alkoxy)-
(aryloxy) phosphazenes] on the amount of aryloxy side-
groups present. The large birefringence of poly[(pen-
tafluorophenoxy)(2,4-dichlorophenoxy)phosphazene] (2a)
(Table 2) is typical of poly[bis(aryloxy)phosphazenes],
many of which are semicrystalline. The microcrystal-

(24) Dasgupta, P. K.; Genfa, Z.; Poruthoor, S. K.; Caldwell, S.; Dong,
S.; Liu, S.-Y. Anal. Chem. 1998, 70 (22), 4661.
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linity arises as a result of the co-orientation of the
aromatic side-groups along the phosphazene back-
bone.?223 The incorporation of flexible co-substituents
such as fluorinated-alkoxy side-groups reduces orienta-
tion and greatly decreases the birefringence to near
0.004 for polyphosphazenes 4a and 5 as shown in Table
2. This value is significantly lower than that of fluori-
nated polyimides and is comparable to that of poly-
(arylene ethers).8~11.20.25 Tg further reduce the birefrin-
gence, mixed substituent poly[bis(alkoxy)phosphazenes]
with halogenated aliphatic side-groups have been syn-
thesized and are currently under investigation. The
incorporation of various compositions of chlorinated- and
fluorinated-, alkoxy- and aryloxy-side groups linked to
the polyphosphazene chain allows the control of bire-
fringence and refractive index. Because many optical
devices, such as waveguides, consist of a core and
cladding assembly with small differences in refractive
index between layers, the ability to tune refractive
indices is extremely useful.

The dn/dT values of nte for polyphosphazenes 1—-5
were examined, above and below the glass transition
temperature, as shown in Table 2. Polymers 1-5
displayed thermooptic coefficients (dn/dT) that range
from 1.24 x 1074 to 2.80 x 10~* below the T4 and 1.22
x 1074 to 3.18 x 10~* above the T4. These values are
comparable to those of halogenated and nonhalogenated
cross-linked acrylate polymers.2¢ The large variation in
refractive index with changes in temperature, especially
above the Ty, makes polyphosphazenes 1-5 well suited
for use in thermooptic switching applications.? An initial
evaluation of polyphosphazene 2a via photothermal
deflection spectroscopy revealed a preliminary optical
loss of 0.24 dB/cm at 1.55 um which presumably arises
from a combination of absorption and scattering losses
from intrinsic and extrinsic sources.

Conclusions

We have synthesized in good yields a series of
amorphous, high-molecular-weight polyphosphazenes
with chlorinated- and fluorinated-, alkoxy- and aryloxy-
side-groups. These display excellent thermal stability,
good film-forming properties, and tunable optical prop-
erties. The polymers showed variable refractive indices,
and controllable birefringence, depending on the CI/F
content and the amount of aryloxy side-groups attached
to the phosphazene backbone. The high thermooptic
coefficient values (dn/dT) are especially useful for
devices in which thermal jump actuation is utilized for
switching optical communications signals from one
optical circuit to another. These properties, combined
with the tailorability of the polyphosphazene system,
make polyphosphazenes 1—5 promising candidates for
both optical waveguide and optical switching applica-
tions.
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