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ABSTRACT: Synthesis and characterization of new naphthalene-based PFCB aryl ether polymeric isomers
with 1,5-, 1,6-, 2,6-, and 2,7-linkages were described. Monomers of perfluorocyclobutane (PFCB) poly-
(aryl ether)s, 1,5-, 1,6-, 2,6-, and 2,7-bis(trifluorovinyloxy)naphthalene, were synthesized from dihydroxy-
naphthalenes in two steps and polymerized by 27 + 27 step-growth cyclopolymerization. The naphthalene-
based PFCB polymers (PFNs) had a relatively high T, in the range 106—144 °C and excellent thermal
stability at temperatures up to 400 °C. Among PFN polymeric isomers, T of the 1,5-linked PFCB polymer
(1,5-PFN) was 30—40 °C higher than those of the other naphthalene isomers due to its high steric
hindrance around the backbone. The refractive index and birefringence of the PFN polymers in the form
of spin-coated films were determined. The PFN isomeric polymers showed tunability in refractive index
and the birefringence of the order of 1,56 < 1,6 < 2,6 < 2,7-PFN and 1,5 < 1,6 < 2,7 < 2,6-PFN, respectively.
PFN isomers had low birefringences below 0.002 except 2,6-PFN. The lowest value in birefringence was
0.0008 of 1,5-PFN due to its highly kinked structure. Plastic optical fibers of homopolymers, 1,5- and
2,7-PFN, and copolymers, 2,7-co-1,5-PFN and 2,7-PFN-co-6F—PF, were prepared, and optical losses and
windows of them were observed. The attenuation loss of PFN polymers was about 0.17—0.27 dB/cm at
the wavelength of near-IR optical sources. 1,5-PFN had a lower optical loss than 2,7-PFN. The optical
loss of the 2,7-co-1,5-PFN copolymer was effectively reduced compared with that of 2,7-PFN. The lowest
optical loss polymer for PFCB POF was 2,7-PFN-co-6F-PF of 0.07 dB/cm at the wavelength of the optical

loss window and 0.17 dB/cm at 1300 nm.

Introduction

Fluorination is an efficient method for changing
physical and chemical properties of molecules because
fluorine is a highly electronegative atom.! As a result,
organo-fluorine compounds have drawn considerable
attention as materials for use in organic thin film
transistors (OTFT),2 organic light-emitting diodes
(OLED),? and photonic devices.* For optical communica-
tion components from a network perspective, polymer-
based materials have the merit of a low cost and can be
prepared using low-cost processing equipment.® In the
polymer photonics, fluorinated polymers are considered
to be especially unique materials because of their low
optical loss at the telecommunication operating wave-
length of the near-infrared region*® and the fact that
they are stable in air.” Fluorinated or deuterated poly-
(methyl methacrylate) (PMMA)® and polystyrene (PS)?
have been investigated for use in plastic optical fibers
(POF) and waveguides. Other types of polymers such
as fluorinated polyimides,!® fluorinated poly(aryl
ether)s,!! highly fluorinated acrylates,!? polyphospha-
zenes,!'® and perfluorocyclobutane (PFCB) aryl ether
polymers'* have also been studied for use as waveguides.
However, fluorinated polymer-based waveguide materi-
als are still limited to only a few types of polymers. In
addition, the isomeric effect on optical properties of
polymers has not been explored for the area of polymer
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waveguides. Desirable optical properties of waveguide
materials can be obtained via isomer structure—
property relationships such as the controllability of
refractive index, low birefringence, and low optical loss
of polymers.

PFCB-containing polymers possess many advantages
over other fluorinated polymers such as their ease of
processing and their excellent thermal and mechanical
properties.’® Monomers of PFCB poly(aryl ether)s can
be synthesized from di- or trihydroxyl aromatic groups
in two or three steps and can be polymerized in the neat
or in solution without the need for a catalyst or initiator
by 27 + 27 step-growth cyclopolymerization.16-19 The
combination of the thermally stable naphthalene back-
bone with the cis- and trans-1,2-disubstituted amor-
phous random structure of PFCB rings would be excel-
lent for use in polymer optical waveguide devices.!® In
addition, various PFCB polymeric isomers could be
readily synthesized from different hydroxyl-containing
aryl-based isomers, and therefore the properties of
polymers such as thermal and optical properties would
be tuned by altering the position of the PFCB rings and
backbone linkage. Naphthalene-based PFCB polymers
could be an excellent candidate for this study because
a variety of dihydroxynaphthalene isomers are com-
mercially available.

To investigate this isomeric effect, a series of trifluo-
rovinyl ether containing naphthalene isomers were
synthesized from 1,5-, 1,6-, 2,6-, and 2,7-dihydroxynaph-
thalene reagents (1, 2, 3, 4) in two steps, followed by
fluoroalkylation with 1,2-dibromotetrafluoroethane and
dehalogenation. The PFCB polymeric isomers were
examined with respect to the tunability of their optical
properties such as refractive index and optical birefrin-

© 2005 American Chemical Society

Published on Web 09/08/2005



Macromolecules, Vol. 38, No. 20, 2005

gence for possible use in photonic component materials.
For the studies of optical attenuation, plastic optical
fibers (POF) were prepared using these PFCB polymers,
and their optical loss values were investigated. Herein
we clearly demonstrate that the isomeric structures of
aromatic systems in PFCB polymers greatly affect their
optical properties.

Experimental Section

Materials. 1,5-, 1,6-, 2,6-, and 2,7-dihydroxynaphthalene,
sodium hydride, granular zinc, and 1,2-dibromotetrafluoro-
ethane were purchased from Aldrich Chemical Co. and used
without further purification. Dimethyl sulfoxide, acetonitrile,
and diethyl ether were purchased from Oriental Chemical
Industries, dried over calcium hydride, and distillated before
use. Granular zinc was activated with 0.1 M hydrochloric acid,
washed with ethanol and ether, and dried at 140 °C under
reduced pressure for 10 h.

1,5-, 1,6-, 2,6-, or 2,7-Bis(2-bromotetrafluoroethyloxy)-
naphthalene (5, 6, 7, 8). The compounds were prepared in a
similar manner by modification of a literature procedure.'® To
a 500 mL, three-neck flask equipped with two addition funnels
and a mechanical stirrer were added DMSO (200 mL) and
sodium hydride (7.2 g, 0.3 mol). DMSO (200 mL) solution
dissolved with 1,5-, 1,6-, 2,6-, or 2,7-dihydroxynaphthalene (20
g, 0.125 mol) was added to a sodium hydride solution slowly
through an addition funnel. The solution was stirred at room
temperature for 1 h. After evaporation of hydrogen, 1,2-
dibromotetrafluoroethane (78 g, 0.3 mol) was added dropwise
over 1 h through an addition funnel to the reaction mixture,
the temperature of which did not exceed 30 °C using a water—
ice bath. The solution was stirred for 12 h at room temperature
and then heated for 10 h at 40 °C. The reaction mixture was
diluted with water and extracted with diethyl ether, and the
organic phase was washed three times with water and dried
over MgSO,. The reaction mixture was purified by silica gel
chromatography using hexane. The yield of 5, 6, 7, and 8 was
56, 65, 60, and 70%, respectively. 5 (1,5-linkage): 'H NMR
(300 MHz, CDCly): 6 = 7.23 (2H, d, J = 5.1 Hz), 7.50 (2H, t,
J=4.8Hz, 5.1 Hz), 8.05 (2H, d, J = 4.8 Hz). F NMR (282.65
MHz, CDCls): 6 = —68.06 (2F, t,J = 3.11 Hz), —83.55 (2F, t,
J = 3.11 Hz). 6 (1,6-linkage): 'H NMR (300 MHz, CDCl3): 6
=7.46 (2H,d,J = 7.7 Hz), 7.54 (1H, dd, J = 8.3 Hz, 7.7 Hz),
7.74 (1H, s), 7.80 (1H, d, J = 7.7 Hz), 8.20 (1H, d, J = 8.3 Hz).
F NMR (282.65 MHz, CDCl3): 0 = —65.23 (2F, t, J = 3.11
Hz), —83.59 (2F, t,J = 3.11 Hz). 7 (2,6-linkage): 'H NMR (300
MHz, CDCls): 6 =743 (2H, d, J = 9.0 Hz), 7.73 (2H, s), 7.89
(2H, d, J = 9.0 Hz). F NMR (282.65 MHz, CDCl3): 6 = —66.58
(2F, t, J = 3.11 Hz), —83.02 (2F, t, J = 3.11 Hz). 8 (2,7-
linkage): 'H NMR (300 MHz, CDCl;): 6 = 7.39 Hz (2H, d, J
=9 Hz), 7.67 (2H, s), 7.90 (2H, d, J = 9 Hz). F NMR (282.65
MHz, CDCl3): 6 = —65.67 (2F, t,J = 3.11 Hz), —83.33 (2F, t,
J = 3.11 Hz).

1,5-, 1,6-, 2,6-, or 2,7-Bis(trifluorovinyloxy)naphthalene
9, 10, 11, 12). In a 500 mL three-neck flask equipped with a
reflux condenser, 1,5- (or 1,6-, 2,6-, 2,7-)bis(2-bromotetrafluo-
roethyloxy)naphthalene (20 g, 0.038 mol) was added via an
addition funnel to a stirred solution of activated Zn (5.5 g,
0.085 mol) and dried acetonitrile (250 mL), and it was heated
at 80 °C under nitrogen for 29 h. After completion of the
reaction, acetonitrile was evaporated. The residual crude
product was purified by column chromatography with hexane.
The yield of 9, 10, 11, and 12 was 65, 62, 65, and 58%,
respectively. 9 (1,5-linkage): 'H NMR (300 MHz, CDCl;): ¢
=723 (2H, d,J = 5.1 Hz), 7.50 (2H, dd, J = 4.8 Hz, 5.1 Haz),
8.05 (2H, d, J = 4.8 Hz). 1°F NMR (282.65 MHz, CDCl;): 6 =
—120.19 (1F, dd, cis-CF=CF, F,), —127.04 (1F, dd, ¢trans-CF=
CFs, Fy), —135.29 (1F, dd, CF=CFy, F.), (Jap = 72.17, J,c =
43.60, Jp. = 82.62). FTIR (KBr): 1838 cm™! (m, CF=CFy). 10
(1,6-linkage): 'H NMR (300 MHz, CDCl;): 6 = 7.46 (2H, d, J
=7.7Hz), 7.54 (1H, dd, J = 8.3 Hz, 7.7 Hz), 7.74 (1H, s), 7.80
(1H, d, J = 7.7 Hz), 8.20 (1H, d, J = 8.3 Hz). F NMR (282
MHz, CDCl;): 6 =—117.68 (1F, dd, cis-CF=CFs, F,), —124.08
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Table 1. Molecular Weights and Thermal Properties of
Naphthalene-Based PFCB Polymers (PFNs)

polymers T4 (°C) Tg (°C) M M, PD
1,5-PFN 412 144 26 400 68 100 2.5
1,6-PFN 443 110 46 100 298 000 6.4
2,6-PFN 473 117 45 400 372 200 8.2
2,7-PFN 474 106 38 600 263 000 6.8

¢ Temperature of 10% weight loss determined in nitrogen
atmosphere to 600 °C. ® DSC thermogram obtained with a heating
rate of 10 °C/min. ¢ In THF vs polystyrene.

(1F, dd, trans-CF=CFs, F},), —132.24 (1F, dd, CF=CFy, F.), (Ja
= 7217, Ja = 43.60, Jn = 82.62). 11 (2,6-linkage): 'H NMR
(300 MHz, CDCl;): 6 =7.34 (2H, d, J = 9.0 Hz), 7.48 (2H, s),
7.83 (2H, d, J = 9.0 Hz). °’F NMR (282 MHz, CDCl3): 6 =
—120.54 (1F, dd, cis-CF=CF, F,), —127.33 (1F, dd, trans-CF=
CFy, ), —135.34 (1F, dd, CF=CFy, F.), (Ju = 72.17, J,c =
43.60, J,. = 82.62). 12 (2,7-linkage): 'H NMR (300 MHz,
CDCly): 6 = 7.26 (2H, d, J = 9.0 Hz), 7.43 (2H, s), 7.83 (2H,
d,J = 9.0 Hz). YF NMR (282 MHz, CDCl;): 6 = —120.28 (1F,
dd, cis-CF=CFs, F,), —127.12 (1F, dd, trans-CF=CFs, F}),
—135.4 (1F, dd, CF=CFq, F.), (Jap = 72.17, Jac = 43.6, Jp. =
82.62).

Polymerization of PFCB Monomers. PFCB monomers,
distilled and degassed, were placed in a glass tube, which was
sealed under high-vacuum conditions. The monomers in the
sealed glass tube were bulk polymerized at 180 °C for 18 h
and additionally at 200 °C for 4 h. The glass tube was then
removed, leaving a transparent plastic rod, which was dried
to remove unpolymerized monomers in a vacuum oven below
the glass transition temperature. The PFCB ring structure in
the polymers was typically characterized by multiple peaks
of F NMR in the range of —127 to —133 ppm and by FT-IR.
When the monomers were polymerized, the CF=CF} stretching
vibration peak at 1833 cm™! disappeared, and new PFCB ring
peaks appeared at 965 cm™1. Characterizations of the polymers
such as molecular weights and thermal properties are sum-
marized in Table 1.

Refractive Index and Birefringence. Prepared PFCB
polymers were dissolved in cyclohexanone at the concentration
of 40 wt %. The solution was filtered with a 0.2 um Teflon
membrane syringe filter. The filtered solution was spin-coated
on the silicon wafer substrate at the spin rate of 1500 rpm for
1 min. After coating the films were baked at 180 °C for 1 h.
By adjusting concentration of the polymer solution, the film
thickness was controlled. The thickness of the obtained films
was about 5—6 um. The refractive indices, ng and nry of the
polymer films, were measured with a Sairon SPA-3000 prism
coupler at 1550 nm.?°

Plastic Optical Fiber Formation. PFCB monomers dis-
tillated and degassed to remove impurity were placed in a glass
tube with the diameter of 10 mm and the length of 100 mm,
which was sealed in high-vacuum conditions. The monomers
in the sealed glass tube were polymerized at 180 °C for 18 h.
After polymerization, the plastic rod was carefully removed
from the glass tube and placed in the middle of a coiled heater
and drawn at 170—180 °C, leading to plastic optical fibers with
a typical diameter of 1 mm.

Optical Loss Measurement. The optical attenuation
spectrum of a POF was measured by the cut-back method. The
light from a tungsten lamp passed through a monochromator
(Acton Research Co sp-150) controlled by computer. The
emitted light from the monochromator was focused to the end
surface of the PFCB fibers, connected to optical coupler. The
transmitted light from the fiber was focused to the photode-
tector. The starting length of fiber used for the cut-back
method was 30 cm. After cutting 10 cm of fiber, optical
attenuation of the fiber was measured again. The optical
attenuation spectrum of a POF was measured twice with the
ending length of 10 cm. Optical loss of the fiber was determined
by difference of optical attenuation.
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Scheme 1. Synthesis and Cyclopolymerization of Naphthalene-Based Trifluorovinyl Ether Monomers
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Results and Discussion

Monomer Synthesis and Cyclopolymerization. A
series of trifluorovinyl ether containing monomers (9,
10, 11, 12) were synthesized from 1,5-, 1,6-, 2,6-, and
2,7-dihydroxynaphthalene reagents (1, 2, 3, 4) in two
steps: fluoroalkylation with 1,2-dibromotetrafluoro-
ethane and dehalogenation via zinc as shown in Scheme
1. The synthetic procedures used were similar to previ-
ously reported ones.!® In the case of fluoroalkylation,
we found that, instead of a commomly used base such
as potassium hydroxide (KOH), the use of sodium
hydride (NaH) was more convenient and significantly
reduced the reaction time. However, the remaining
hydride reagent could be highly reactive with moisture.
Therefore, before the extraction procedure the reaction
mixture was diluted with ice water and stirred for 30
min to prevent activation of NaH. The yields of fluoro-
alkylation products were 56—70%. In the dehalogena-
tion step, we used dried zinc and solvent because
moisture could reduce the activation of zinc. Granular
zinc was activated with 0.1 M hydrochloric acid, washed
with ethanol and ether, and dried at 140 °C under
reduced pressure for 10 h. The monomers (9, 10, 11,
12) were purified by silica gel column chromatography
and then vacuum-distilled to remove moisture and
impurities.

PFCB-containing polymers, PFNs, were obtained by
thermal bulk polymerization via 27 + 27 cyclodimer-
ization. High molecular weight and thermally stable
PFN polymers could be produced. However, for desirable
optical properties of PFN polymers, optimized polym-
erization conditions were required because severe po-
lymerization condition leads to the development of
yellow color, which can induce a large optical loss,
especially at relatively short wavelengths.!® As shown
in Figure 1, the DSC thermogram of the monomer
showed a melting endothermic peak and a exothermic
peak near 160 °C of Tonset and 220 °C of Thax, respec-
tively, with heat capacity values of 440—460 kcal/mol
in the broad range of 160—280 °C. These exothermic
peaks informed that the temperature of above 160 °C

were required for the monomers to dimerize for cyclo-
polymerization. In the previous work (ref 19), we studied
the number-average molecular weights (M},) of 1,5-PFN
polymer as a function of polymerization condition, and
M, of 1,5-PFN was 21 000 under the polymerization
condition at 180 °C for 18 h. Herein, PFN monomers
were polymerized at 180 °C for 18 h and then at 200 °C
for an additional 4 h for improved thermal and optical
properties. As shown in Table 1, M, of 1,5-PFN and
other polymers were 26 400 and near 40 000, respec-
tively. Under the same polymerization conditions, the
molecular weight of 1,5-PFN was lower than those of
the other PFN polymers. For example, when polymer-
ized at 160 °C for 12 h, the M, for 1,5-PFN was about
4600, 3 times lower than those of the other polymers.
The isomeric effect on the molecular weights of the
resulting PFCB polymers is not well understood at the
present time.

The PFN polymers were thermally stable at the
temperatures up to 400 °C and had high glass transition
temperature (T) above 100 °C, as shown in Figure 2.
The combination of the rigid backbone of the naphtha-
lene unit with the stable PFCB rings with 1,2-cis and
trans mixtures led to the production of thermally stable
and amorphous polymers. DSC thermograms and polar-
ized optical microscope images revealed that all four
PFN polymers showed amorphous morphology regard-
less of isomer types. Among the naphthalene isomers,
1,5-PFN showed the highest T, of 144 °C. The T, values
changed, depending on the rigidity of the polymer main
chain, due to the increase in the energy barrier for
segmental motion. In the literature reporting poly-
(arylene ether)s, based on dihydroxynaphthalene iso-
mers, the 1,5-naphthalene linkage also showed a higher
T, than other isomers with 2,7- and 1,4-linkages, similar
to our case.?! The 1,5-linkage appeared to hinder the
mobility of segmental motion more effectively than the
other isomers.

Optical Properties of Naphthalene Isomers. The
refractive index (RI) could vary with polarizability of
the material, packing density, temperature, humidity,
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Figure 1. DSC thermograms of PFN monomers.
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Figure 2. T, of PFN polymers.

and birefringence, while birefringence (An) is mainly
dependent on the anisotropy of the polymer films.4d£:22
Table 2 shows the RI and An of the spin-coated PFCB
polymer films as measured by the prism-coupling
method.2° Similar to other conventional spin-coated
polymer films, PFCB polymers showed a lower nry than
ntg because of their chain orientation in the direction
parallel to the substrate during the spin-coating process.
In Table 2, the TE mode RI and An of 1,5-PFN were
1.4962 and 0.0008, respectively, and these values were
slightly different from previous reported values (nrg:
1.4999; An: 0.0005). It is due to different M, of 1,5-PFN.
In the PFCB polymer system, a high M, typically
decreases the RI because sterically hindered perfluoro-
cyclobutyl linkages are less polarizable than planar
trifluorovinyl ether moieties and increases birefringence
due to higher planarity of longer polymer chains.l4
Copolymer of 1,5- and 2,7-PFN showed the middle value
in RI and An of the two homopolymers. In addition, the
PFN isomers showed different values each other in RI
and An. The order of RI and An of those polymers was
1,56 <16 <26 <27-PFN and 1,5 < 1,6 < 2,7 < 2,6-
PFN, respectively. Previously, the tailoring of refractive
index values of photonic polymer materials was studied
via the copolymerization ratio,?111c wavelength
dependence,1%bc:11b temperature change,!P or different
molar fluorine ratio.l%2112d [n our case, although the
polymers had the same molecular formula and fluorina-
tion ratio, the PFN polymers can offer another good
controllability of the RI by selecting proper isomeric
structures. Different polarizability of PFCB aryl ether
moieties would explain the differences in their refractive
indices. Therefore, we calculated the polarizability of the
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basic unit of PFN polymers, 1,5-, 1,6-, 2,6-, and 2,7-bis-
(perfluorocyclobutyl)naphthalene ethers, in the low-
energy state determined by MOPAC using the PM3
parameters of Cache 4.4.28 As shown in Table 2, the
polarizability values of PFN units were well correlated
with the average refractive indices of them. A low M,
typically increases RI because trifluorovinyl groups in
the chain end of polymers are more polarizable and less
sterically hindered than perfluorocyclobutyl linkages.14¢
However, as discussed below, the sterically bulky and
three-dimensionally more isotropic structure of 1,5-PFN
would reduce the chain packing and the electronic
polarizability and, as a result, reduce the refractive
index compared with other isomers despite its lower M,,.

For the birefringence, 1,5-PFN showed the lowest
value among all the PFN isomers. Birefringence in the
spin-coated polymer film is strongly related to polymer
chain orientation, among many other factors such as
polymer chain rigidity, film thickness, spinning condi-
tions, and surface energy of substrates.2* In general,
rigid aromatic groups in the polymer backbone tend to
lie parallel to the substrate during the spinning process,
leading to the positive birefringence with nrg > nry. The
low birefringence of 1,5-PFN, 0.0008, could be due to
the orientation of the naphthalene groups normal to the
polymer main chain, and also possibly normal to the
substrate, due to 1,5-linkage of the backbone with
naphthalene units. To confirm this hypothesis, the
alignment of naphthalene backbone units in the film
was investigated by s- and p-polarized UV—vis spectra
(30° of the tilt angle of the incident beam). If the polymer
chain is orientated in-plane or out-of-plane, s-polarized
UV—vis spectroscopy shows higher or lower than p-
polarization, respectively.?> As shown in Figure 3, the
difference between the s- and p-polarized absorption
bands of naphthalene groups in 2,6-PFN shows the
tendency of in-plane orientation of naphthalenes, while
in the case of 1,5-PFN, the negligible difference between
two spectra indicates a very low degree of preferential
orientation of the naphthalene units. Therefore, com-
pared with the kinked structure of the other PFN
isomers, a relatively linear linkage in 2,6-PFN polymer
chain seems to induce a larger birefringence. In par-
ticular, the birefringence of 1,5-PFN was considerably
lower than the other isomers. As we mentioned above,
1,5-PFN had a higher T; and the lower refractive index
than the other isomers. Thus, it is evident that, as well
as their thermal properties, the optical properties of
PFCB polymers could be tuned simply by changing the
backbone linkage of the fluorine functional group. For
optical waveguide devices, low birefringence and con-
trollability of refractive index are key requirements,*
and from those senses, naphthalene-based PFCB poly-
mers represent good candidates for polymer waveguide
materials.

Optical Loss of PFN Polymers. PFCB polymers
could be good candidates for polymer optical waveguides
because of their excellent thermal, mechanical, and
optical properties.!* However, compared with other
waveguide materials such as polyimides and polyacry-
lates, the optical loss of PFCB polymers has not been
fully studied. Smith et al. and Jen et al. recently
reported PFCB polymers for possible uses as polymer
waveguides. The materials had the optical losses of
0.25—0.3 dB/cm at 1300—1550 nm.* We also previously
reported a low optical loss of 0.19 dB/cm at 1300 nm
for plastic optical fibers (POF) of 1,5-PFN polymer.1?
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Table 2. Optical Properties of PFN Isomers Measured at the Optical Source of 1550 nm
refractive index
polymers TE mode (n.y) TM mode () ne polarizability® (1024 cm?2) birefringence (A = TE — TM)
1,5-PFN 1.4962 1.4954 1.4959 25.148 0.0008
1,6-PFN 1.5019 1.5004 1.5014 25.324 0.0015
2,6-PFN 1.5024 1.4995 1.5014 25.329 0.0029
2,7-PFN 1.5029 1.5013 1.5023 25.783 0.0016
2,7-co-1,5-PFN 1.5010 1.4998 1.5006 0.0012

@ Average refractive index, n = (2n,, + n.)/3. ® Calculated values by Cache 4.4 simulation program.
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Figure 3. The s- and p-polarized UV—vis spectra of PFN
polymers.

Herein we prepared using polymer waveguides 1,5-PFN
to compare the difference in waveguide and fiber loss.
Polymer waveguides were prepared by spin-coated films
of 1,5-PFN polymer onto ZP2145 (Zenphotonics) as a
cladding on 4 in. Si substrate, and the loss was
measured by the prism coupling method with cut-back
method, similarly with POF. Optical loss of 1,5-PFN
waveguides was 0.36 dB/cm at 1550 nm at TE mode,
which is higher than that of 1,5-PFN fiber. Intrinsic
optical loss factors between the polymer waveguide and
POF are similar. However, extrinsic loss factors between
them are slightly different due to different preparation
procedures. Optical loss of polymer waveguides is
strongly dependent on the quality of the prepared films
whereas that of POF is strongly affected by drawing
conditions. The film of 1,5-PFN waveguides would
contain small cracking or void; therefore, it may show
higher optical loss than 1,5-PFN POF.

We also examined the effect of isomeric structures of
PFNs on optical loss by comparing 1,5- and 2,7-PFN and
other PFCB copolymers. 2,7-PFN was selected for
comparison because the polymer had a relatively low
birefringence as well as a high M,,. Although a number
of optical loss factors exist, such as the intrinsic loss of

Table 3. Optical Loss of PFN Homo- and Copolymers at
Low Loss Window and Optical Source

optical loss (dB/cm)®
1300 1310

lowest optical 1550

polymer loss window nm nm nm
1,5-PFN (910 nm) 0.08 0.19 0.22 0.23
2,7-PFN (1260 nm) 0.16 0.26 0.27 0.27

2,7-co-1,5-PFN (1:1) (910 nm) 0.10 0.19 023 0.26
2,7-PFN-co-6F—PF (1:1) (1060 nm) 0.07 0.17 0.20 0.21

@ The error in the loss numbers was about 0.01 dB/cm.

C—H vibrations, the main intrinsic loss factor in the
near-IR region, and impurities and other extrinsic loss
factors due to structure imperfections,*d 1,5- and 2,7-
PFN might be expected to have almost similar optical
loss factors because they have the same molecular
formula and fluorine ratio. However, as shown in Table
3, the optical loss of 2,7-PFN was 0.03—0.07 dB/cm
higher than that of 1,5-PFN over the entire wavelength
range we have measured. Presumably, as discussed
above, a relatively higher birefringence of 2,7-PFN than
that of 1,5 PFN would have led to a higher optical loss
because molecular birefringence induces anisotropic
scattering loss.*2 Rayleigh scattering related to anisot-
ropy of polymer is proportional to the fourth power of
the wavelength.*2 The difference of optical loss between
2,7-PFN POF and 1,5-PFN POF was much higher in
the short wavelength. Therefore, the factor led to the
higher optical loss of 2,7-PFN could be its high bire-
fringence. Copolymerization between 1,5- and 2,7-PFN
would decrease the optical loss of PFCB POF due to the
low loss and birefringence of 1,5-PFN and the high
molecular weight structure of 2,7-PFN. The optical loss
of the 2,7-co-1,5-PFN copolymer was slightly higher
than that of 1,5-PFN. However, compared with 2,7-PFN,
the optical loss of the copolymer was effectively reduced.
Optical windows were observed at 820, 910, 1060, 1260,
and 1530 nm in both cases, similar to the copolymers
described below. However, 2,7-PFN showed a higher loss
at 910 nm; thus, the lowest loss window was observed
at 1260 nm, which is different from the case of 1,5-PFN.
On the basis of the observations described above, it
could be concluded that the isomeric structures also
affect the optical loss characteristics, even though not
as greatly as the birefringence.

We also examined copolymer of 2,7-PFN and 6F-PF
to increase the amorphous morphology and fluorine
ratio. The 6F-PF is a highly fluorinated PFCB polymer
having good thermal and optical properties, previously
reported by Smith et al.l* Figure 4 shows optical
attenuation spectra of the PFCB polymers. The second
overtone bands 3v and the third overtone bands 4v were
in the regions of 1060—1260 and 815—910 nm, and the
first combination bands 2v + 6 and the weak second
combination bands 3v + 6 were in the region of 1260—
1530 and 910—1060 nm, respectively. Optical windows
were also observed at 820, 910, 1060, 1260, and 1530
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Figure 4. Optical loss spectra of PFCB copolymers in the
region of 700—1600 nm.

nm. 2,7-PFN-co-6F—PF had the lowest optical loss
among the PFCB polymers over the entire wavelength
range, especially showing a very low loss of 0.07 dB/cm
at the optical window of 1060 nm. This may indicate
that the major factor of optical loss is the intrinsic loss
due to the higher harmonics of remaining aromatic C—H
vibrations because 2,7-PFN-co-6F-PF, which has the
highest fluorine content, had the lowest optical loss
among the polymers studied in this work. However,
these optical loss values are still high for practical
optical fiber applications compared with PMMA POFs
(ca. 100 dB/Km). Several extrinsic loss factors such as
monomer purity, microvoids in the fibers, and especially
the lack of existing cladding could also have contributed
significantly. Further substitution of hydrogens in the
naphthalene groups into heavy atoms such as deute-
rium and fluorine would produce polymers with lower
optical loss for the waveguide applications.

Conclusions

We successfully synthesized new naphthalene-based
1,5-, 1,6-, 2,6-, and 2,7-bis(trifluorovinyl ether) isomers,
and the corresponding PFCB homo- and copolymers
from them through 27 + 27 cyclopolymerization. The
naphthalene-based PFCB polymers had relatively high
T, values, above 110 °C, and a high thermal stability
up to temperatures of 400 °C. However, the thermal
properties changed depending on the position of attach-
ment of the PFCB rings. The T of 1,5-position isomer
was 30—40 °C higher than those of the other naphtha-
lene isomers. The optical properties of the PFCB poly-
mers were investigated with respect to refractive index
and birefringence as well as their optical loss as plastic
optical fibers. The refractive index and the birefringence
of spin-coated films of PFCB isomer polymers showed
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tunability with the position of attachment of the PFCB
rings. The order of refractive indices and birefringence
of these polymers was 1,6 < 1,6 < 2,6 < 2,7-PFN and
1,56 < 1,6 < 2,7 < 2,6-PFN, respectively. Different
polarizability of PFCB aryl ether moieties would explain
the differences in their refractive indices although the
difference in the refractive index was not so large. 1,5-
PFN films showed the lowest birefringence of 0.0008
among all the PFN isomers due to its the most kinked
backbone structure. We prepared and characterized
plastic optical fibers of the PFCB polymers, and optical
windows were observed at 820, 910, 1025, 1260, and
1530 nm. The attenuation loss of the naphthalene-based
PFCB polymers was about 0.17—0.27 dB/cm at the
wavelength of the optical source in the near-IR In
addition, the optical losses of those polymers were
dependent on the isomeric effect of the PFCB ring; the
value for the 1,5-linked PFCB polymer was lower than
that for 2,7-PFN due to its higher structural anisotropy.
The lowest optical loss of PFCB POF was 0.07 dB/cm
at the wavelength of the optical loss window and 0.17
dB/cm at 1300 nm.
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