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. Introduction

We have been continuously investigating on new plastic optical fiber (POF) materials. We
focused on developing polymer having 1) high glass transition temperature (> 130 °C); 2)
transparent, thermally and mechanically stable; 3) lower manufacturing cost. POF materials have
been prepared using homopolymer systems such as poly(methyl methacrylate), polystyrene, and
Asahi Glass’s Cytop. Generally, copolymers, which have large size heterogeneous domain of
refractive index and have extremely high scattering loss. Thus, copolymer system has not been
generally utilized as the core material for POF. However, we have proposed that when two different
monomers or their homopolymers have similar refractive indices, the copolymer obtained does not
have high light scattering loss and could be utilized as the core material for POF. We have shown
this possibility with our research results and created much wide range of polymeric systems for POF
materials.

ll. Research Activity

[1-1. Perfluoropolymers and copolymers

Perfluorinated polymers such as Teflon AF®, Cytop® and Hyflon AD®, marketed by DuPont,
Asahi Glass, and Solvay Solexis, respectively, are completely amorphous cyclic polymers containing
no hydrogen atom. They exhibit remarkable properties such as a high thermal stability, an excellent
near infrared transparency, and negligible absorption losses at most wavelengths. However, their
preparations are complicated and costly. The glass transition temperatures (T,) of Teflon AF and
Hyflon AD are high but they have some crystalline phase formed due to the tetrafluoroethylene
block copolymer chain structure. T4 of Cytop is relatively low (~100 °C). Thus, it is of interest to
prepare novel perfluorinated polymers that contain a dioxolane structure to increase their glass
transition temperatures and transparency while keeping their amorphousness.

We have synthesized several perfluoro-4- and 4,5-substituted 2-methylene-1,3-dioxolane
monomers. The structures of some monomers synthesized are shown in Figure 1.

/C F'ZC\I:2 /CEZ
F3C\ F3C\ /CF3 F C /C F, F C (:|:2
FC—CF FC—CF F/C CF F/C CF
A B C D

Figure 1 Chemical structures of substituted perfluoro-2-methylene-1,3-dioxolane derivatives
synthesized.



These monomers are soluble in fluorinated solvents, and readily polymerized in bulk or in
solution by a free radical initiator. The polymers produced are amorphous and have glass transition
temperatures (T,) in the range of 130-160 °C. To investigate further the effect of the substitution on
the properties of the 2-methylene-1,3-dioxolane monomers, a cyclopentane derivative (D in Figure
1) was synthesized. Since a cyclopentyl group is more rigid comparing to alkyl and cyclohexyl
groups, the polymer prepared from this monomer should exhibit a higher T, than those from
monomers A, B, and C. The T4 of D polymer was highest (190 °C) among these perfluorodioxolane
polymers, but this polymer was found to be brittle and difficult to process into final fiber materials.
Thus, we prepared the copolymers of the monomer D with fluorovinyl monomers such as vinylidene
fluoride (VDF, CF,=CH,), chlorotrifluoroethylene (CTFE, CF,=CFCI) and perfluorovinyl ethers
(CF,=CF-0O-Ry) (Figure 2).

2
CFZ/ CF,
\
CF—CF

R,R,=F, Cl, H, OCF, or OC,F,

Figure 2 Structure of copolymers based on perfluoro-3-methylene-2,4-dioxabicyclo[3,3,0] octane
(monomer D) with fluorovinyl monomers.

Some of these copolymers have high T (145 ~ 154 °C) and low refractive index (1.33 ~ 1.37),
and are flexible and transparent. Thus, we currently are considering to prepare GI-POF using these
copolymers.

[1-2. Improvement of the physical properties of poly(methyl
methacrylate)

Poly(methyl methacrylate) (PMMA\) is a mass-produced, commercially available polymer that
demonstrates high light transmittance and provides excellent resistance to both chemical and weather
corrosion. These properties, coupled with low manufacturing costs and easy processing, make
PMMA a valuable substitute for glass in optical device applications. Despite these advantages,
PMMA is of limited use in optical electronics because of its relatively low glass transition
temperature (T, ~ 100 °C) and water absorption tendency. To improve these properties of PMMA,
we have prepared copolymers of MMA with various fluoro alkyl and aryl methacrylates. The
structures of fluoromethacrylates investigated are shown in Figure 3.

e e e =S =S5

CI) 0] (0]
F F F F CH
CF/ AN CF; CF, CF; CF,
3 ChRy CH, CF,
E F E F
hexafluoroisopropyl 1,1,1,3,3,3-hexafluoro- perfluoro-tert-butyl
F CF3 methacrylate 2-methyl-2-propyl methacrylate
pentafluorophenyl 4-trifluoromethyl- methacrylate
methacrylate 2,3,5,6-tetrafluorophenyl
methacrylate
(PFPMA) (TFMPMA)

Figure 3 Chemical structures of fluoromethacrylates investigated.



These fluoromethacrylate monomers were found to be easily copolymerized with MMA and
yielded transparent and flexible films and fibers. The glass transition temperatures of these
copolymers were found to be higher than those of homopolymers. Especially PFPMA and TFMPMA
with MMA produced high T4 (135-138 °C) and thermally stable copolymers. The enhancement of
the Ty was accounted for the dipole-dipole interaction between the fluorinated phenyl and ester
groups.

The birefringence properties of the copolymers were investigated in the collaboration with the
New Functional Material Systems Group. Copolymers of MMA containing 20 wt% PFPMA
exhibited almost zero orientation birefringence and the photoelastic birefringence becomes zero
when the copolymer contained 13 wt% PFPMA. When 20 wt% PFPMA was incorporated into the
MMA copolymer, its water absorption decreased to 0.4 wt% versus 1.8 wt% for PMMA under the
same condition. Thus, in consideration of these excellent properties of PFPMA-MMA copolymer,
we have prepared low loss GIPOF in cooperation with the Application Group at Keio University
(see other section).

lI-3. Fluorine substituted styrene systems

Polystyrene (PS) is a commercially important polymer with good light transmittance and
excellent chemical and weather corrosion resistance. The favorable physical properties of PS
coupled with ease of processing, make PS useful as a core material for plastic optical fibers.
However, high losses in the visible to near infrared region are dominated by C-H overtone stretch
and deformation vibrations. When heavier atoms such as deuterium or fluorine replace the hydrogen
atoms in C-H bonds, the band vibration energy is decrease and thus the absorption band is
minimized in the region of the visible to near infrared.

Thus, we have synthesized fluoro and also trifluoromethyl substituted styrene monomers. The
chemical structures of these monomers investigated are shown in Figure 4.

CH,—CH — — CH—=CH
— CH,—CH CH=CH CH—CH —
F F F F CF, CF,
F F F F CF; CF3 CF,
F CF,
Pentafluorostyrene 4-trifluoromethyl- 2-trifluoromethyl 2,5-bis(trifluoromethyl) 3,5-bis(trifluoromethyl)
(PFS) tetrafluorostyrene styrene styrene styrene
(TFMTFS) (2TFMS) (25BTFMS) (35BTFMS)

Figure 4 Chemical structures of fluorine substituted styrenes investigated.

The monomers were polymerized with a free radical initiator. The homopolymers obtained
were brittle and insoluble in common organic solvents. However, these monomers were readily
copolymerized with MMA and also trifluoroethyl methacrylate. The films and fibers obtained were
transparent and flexible. The glass transition temperature (T4) of copolymers of PFS or TFMTFS
with MMA was found to be also increased due to the dipole-dipole interaction of the side groups.

The homopolymers of 2TFMS, 2,5-BTFMS and 3,5-BTFMS were prepared in bulk or in the
solution by a free radical initiator. The T, of their homopolymers are 165, 160 and 113 °C,
respectively. Tgs of the polymer with CF; substituted in the ortho position of the phenyl ring
appeared much higher than that of not-ortho substituted styrenes. The refractive indexes of
poly(2TFMS) and PMMA are 1.51 and 1.50 at 532 nm, respectively, and they are very close to each
other. The copolymerization reactivities of both monomers indicated these two monomers could
produce copolymers with random composition. Similarly, the refractive indexes of poly(25BTFMS)
and poly(TFEMA) are 1.45 and 1.44 at 532 nm, respectively. The Tgs of these copolymers depend
on the composition of the copolymers, and they could produce flexible and transparent films with the
Ty as high as 140 °C. Thus, we are currently investigating the preparation of GIPOF using these
selective copolymeric systems.



[1-4. Copolymers of hexafluoroisopropyl fumarate with styrene

Isopropyl fumarate was found to be polymerized by a free radical initiator. However, the
hexafluoroisopropyl fumarate did not produce homopolymer under this condition. We have found
than the fluorofumarate copolymerizes with styrene and yields in an alternative copolymer (Figure
5).

CFS\(CF3

O
o —
— + ——>=  alternating copolymer
)
@)
CF;/L\CF3
HFIPF Styrene

Figure 5 The chemical structure of fluorofumarate copolymer system investigated.

The copolymers are transparent and showed a very low refractive index (1.4089 at 532 nm)
with T4 of 110 °C and the thermal decomposition temperature around 400 °C. Thus, in considering
these interesting properties, we are currently preparing a large amount of the copolymer and then we
will investigate the copolymer for a possible GIPOF core material.

[1-5. Preparation of Low Loss and Thermally Stable Graded Index
Plastic Optical Fibers

We have prepared two low-loss GIPOFs in cooperation with Dr. Kotaro Koike at Keio
University. The core material of the system | was copolymer of methyl alpha-chloroacrylate (MCA)
and 2,2,2-trichloroethyl methacrylate (TCEMA), and for the system Il, the copolymer of
pentafluorophenyl methacrylate (PFPMA) and MMA was used. These chemical structures are
shown in Figure 6.

| o)
@] CH [
I | 2 CH,
CH, ccl, = F
F
MCA MMA
TCEMA PFPMA
system | system |l

Figure 6 Chemical structures of copolymer systems for low loss GI-POF.

The Tgs of these copolymers were in the range of 133-147 °C. The homopolymers of MCA and
TCEMA produced have similar refractive indices, 1.5173 and 1.5144 for PMCA and PTCEMA,
respectively. The homopolymers of PFPMA and PMMA showed similar refractive indices, 1.4873
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and 1.4914 for PPFPMA and PMMA, respectively. Therefore, these copolymer systems did not
show significant light scattering and produced highly transparent and flexible fibers. Thus, we
successively obtained low-loss thermally stable GI-POF (30 meters length) using both copolymers of
MCA/TCEMA = 80/20 (mol%) and MMA/PFPMA = 65/35 (mol%).
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(2) 13 B IVIHIFERR ORI KL VS % S D 50R
Plastic optical fibers with high glass transition temperatures (Tg) have been the increasing interests in
the automotive and transportation fields._

Our partially and perfluoro polymers have relatively high T4 (130 ~150 °C) and are
transparent, as well as thermally and chemically stable.

Thus, a couple of companies such as Merck, Gore Tech and Boeing showed their interests in these
fluoropolymers.

Professors T. Kaino and O. Sugiharas of Tohoku University have been also interested in our
fluoropolymers for their waveguide project and we have supplied several polymeric samples and we
have been continuously working together on the applications of our polymers.
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Polarizability ellipsoid
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Photoelastic birefringence
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Positive (+) birefringent polymer Negative (-) birefringent polymer = C-O’ Ao :Principal stress difference (Pa)
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Figure 3 Generation of the orientational Figure 4 Generation  of  the
birefringence of a polymer. photoelastic birefringence of a polymer.
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Figure 5 Random copolymerization method and anisotropic molecule dopant method.
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Figure 6  Orientational birefringence and photoelastic birefringence of
poly(MMA/3FMA) and poly(MMA/BzMA).
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Figure 7 Orientational birefringence and photoelastic birefringence of

poly(MMA/3FMA/BzMA).
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Figure 8 Mechanism for the compensation of orientational birefringence by the birefringent
crystal dopant method.
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ASIZE S THEBEINTEY ., ISHEAICEHIT 5B OL B < T2 DI & FEE AR H# <
WINFRZE T 4 VAR MFE L 70 %, <Method B>13/ S /LR E DOEEL 7 4 /L LI K D EEO
WCUHE, AN EE 7 AV A E o THELL, 2 T A MBNRT T2 &R EDOHA
WCE D EREL TR, LR -> T, 2 ORBES &Y LI8EL 7 ¢ L ANFEBLT
XX, <Method B>IZ & 2 JATEF AL FF TX 5, <Method A>IZ X 2 JAFEFMAkiE,
M3 2Bt OEIRITINE i E CEE LGA. JREIMIZZE S b OIFEB Ly,
@TlE, BELIZ L 2RI AL TH DT, MFHZET 4 VAN REL 720 | RSB
EH OBIEITRESBMEEZ BB T 08N, 2 A MEBIZLERTHL, 2Dk H7%k
HRO T, SRR V— 7Tk, [ERENMED NNy 7 T4 E) D ON & IRAICHBEL S
RN LEBOBMIZHL2LT, ANOBELICL S22 A MDIKFZSZ &N
TEDLHELT 4 VA DOFEBUZEY AT, S5 OFHEEREMEGEL 7 « v 5% V=8
IR T 4 A7 VA OFGEE B LT,
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<Method A> Commercialized <Method B>Not commercialized

Scattering film

Phase difference film

Table 1  Properties of the light

|
|
| . .
LC layer I * LClayer scattering particles.
|
Polari : : i ¢
olanzer I N Polarizer Particle Particle diameter Relative refractive
Backiight I ‘Backiight (nm) index (@ 589 nm)
Wide luminance distribution | . . . . . R
backlight + Phase difference film I Directional backlight + Scattering film Particle A 73 0.966
| Advant Particle B 1.3 1.1
| [ Advantage - Particle C
. Advantage TTTTTTTTTTTTY ) - Simple structure 11 118
Sharp image Pl «Low-cost
|
Disadvantage | Disadvantage
Phase difference films are essential. | Light diffusion on the surface of LCD
=> -Complicated structure I => «Blurring of images
-High-cost +Degradation of contrast

Figure 13 Two systems of a wide viewing
LCDTV.

RN ~— (PMMA) I Table 1 127”7 3HDOKLF 2 LN EIRIN LTZBELY 4 v L%
TERL U 7=, 2D OBEL T 4 )V D B R SR VIR SR I IS EL & U SR A 0 A 218 L7z,
Ry 7 T A MTITEIMED E OB /4 FE 04 O 208 FWHM 23 30 ) & 0 & vz,
741PA%3_@¢5W®%@LE§5€%%?%%ﬂi?sb IR BRI HERE L7 S RE LT

B ORBE AR IR X v kKb 7=, Figure 14 1R X 912, B 2 513 EHEE A
f“ AR S T2 h, FIHEIT RN E L 2D 1F ED R EK (%&ELIEI%I) TE Y ERIC
WA AT 2 JRT 5D Z LN TE T, — AR IROME e 7T L ¥ O A 554 O FWHM
75> ETHDLZEND, FNENORIAIZEBWT FWHM 254 70 FEOEEL 7 4 /L A% N

{5 O FEHIE 2 fesB Uz, BGELIEIER S D 72 W ME BT « A7 LA ORI
“C“é‘ L Z e ER S Lz (Figure 15), A b KGHE S 23HEFRF 40TV % Particle C 2N L 72
T ANVDFBREET 4 AT A e FREICELE LA RS U7 IRRE 2 R L 7= 5 & % Figure
16 (2”9, BUELT 4 WV AT AT LA EEL S i, BIEFRNZRE > T 5720 Ak L T
RZx5, ZhWRary F7ANERTIELERERD, BELT7 4 L AIBEFEZTRM LI L
Z A, Figure 16 O X 5 IZ AL AW RANCHNHEIT 5 2 LT | BEIXER L IZIER%ETH
HZENHERTE 7= (Table 2),

Relative refractive index: A<B<C

[}
g 110 - 5
< 100 | The commercial LCD TV 1:70 (a) Particle A_ _45 vol. %
§ § ot S A | -
E’ _g 80 | Particle B
i (i e R --—-
o2 60 " (b) Particle B_4 vol. %
O = . o
E,,_g 0 | Particle A
S8
=5
T 30
E 0 1 2 3 4 5 6 7 8 i

Number of particle layers (c) Particle C_3 vol. %

Figure 14 Relationship between the number of Figure 15 Image sharpness of LCD
particle layers and the FWHM angle of horizontal through the scattering film. (Number of
luminance distribution. particle layers: (a) > (b) > (c)).
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Whitening of a black display

Table 2 Comparison of the luminance.
Front \umigance
Structures for the measurement (cd/m?)

" - : ; HSOT Il backlight with 1
Particle C_unlighted Particle C_lighted Particle C-doped film 985x10

Ambient light Back scattered light HSOT Il backlight with 65410
;at[ering film Particle C and dye-doped film
©00000%e LC layer Commercial backlight 679x10"
"~ Backlight

- Particle C + dye_lighted

Addition of the dye to absorb
the ambient lights.

Figure 16 Appearance of LCD covered with the
scattering film under fluorescent lamps.

PLERA~T= X950z, BELBIR 2T L, AEEELS B TRWAEICE Y L, 2D @@
FEHIE % MERr - ﬂ/%7xb@ﬁ?%%ﬁf%éﬁﬁﬁﬂ74wA%mﬁ FRL7z, &
DIZZ OFHEFEEGEL T 4 Vv A E AW TBBUREST « A7 VAN, MFEZET 4 v 2% H
WISk & [AFOR S S (M) - REFAZEBTE 52 L2 FEIELT,

[ 2D DORFFERCRIC B 2 8 e im ]
[1] T. Saruta, A. Tagaya, and Y. Koike, 16th International Display Workshops (IDW'09), & Ifi 7,
December 9-11, 2009.

(2) EFONTMREIEDIRI L NS BRI S D2 F
A. TRFEEHIEREE ISV TC
Al P - Poiiir) ~—

A7v vzl MZBWTHO TERIMBEIEITE X ORI AW BB L 220
e - Bo@EHhR ) v—0nE B L, o - En@EiA ) ~— o HEL FEA
EORY) ~—ZSHAREE b, UL, BRIt @Bt X OYemHrEE I i
PERASNE RS TNDERY =007 5% LV ZLOR Y ~—OmEEIHENHIE
L., 7— &N~xm&ﬁ@fw<zgﬁ%5 +y 7T — 2 BNEBINIUE, TEKRE R
TG E LIRS T 4 A7 LA IS E T 2fx DR Y ~—7 4 )L AOMFFERRIZ K &
<HBNTDZ & e snD,

A-2. EIRPTIERE S R — 71

BRI IERE G R — 7R, RS O EITEZFIH L TR Y ~— ORI 2 85 - 1l
T HHETHD, Ko7 T, /A XDREA ba T 7 ARG Z %
YAT 4 U E VRS, HETPYERESBEEATOIR) v—T7 o L AEERIL
oo THUBIET /A ROIRFER TH DM AIREL 72 o T2 % ¥ 2T 1 71T K B ELAH
i, LA WEA OEEITEOIER R L. FTLWARY = —7 ¢ L AOEETHlE O w]EE
WERTHEDOTHD, BT 4 A7 VA HAMIHEZET 4 )V A~DISHPEIfF S D,
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B. JEHGELEEREIZ DUV T

Ny 774 ML ONEBELSE THHBGZ GRMICERT 52 &N AR BEL Y «
VA ERTEICEE Lz, FiBRET A AT LA VAT AEERL, ORI 2R L
Too ARG TIINAET 4 V2 ERHWTICAHBARIEST 4 A7 VA NEBITE 5720,
PERDWRELT 4 AT VAN THEEZ LV EFEILT22 R TE, aX METHLHEFAIZ
AR D D, FHAAY 7 T4 RO E L BT, BT 4 AT LA ~OISHARHIR SN
Do

21



4. 3 SHZv—7 The Application Group (BEHEIGk 7 V—T & ETe)
(1) FEEONE

ERATO Tl BB K HoEMEM s ChHh b 27 v FbAR U ~—% ks & L7= GI-POF
B9 D EERE L OBFSE A 1T > 7=, SORST TlXZNAEMAET H & & HIT, POF O KDFs
ETHLEI0 B NOFENER QMK = 2 ME L @PERE & OWINL, S ONT IR EVWE % 0 52 Rk
O 2T 2 IC FIRZ BV e, BRI

A BriE GI-POF D BE%

B KM B IRHEIMEICIN A, EEMEZ A T 28R Y ~—DBR%

C IARMFHIEIC K D GI-POF DN T3 43 A il i1 £ k1 0 B %

D GI-POF OfmiE RT3 L OViR G4 (2 B & A A4t

E GI-POF |2 X % WDM ¥ 27 LD}

F POF Ofii THFEA K VR v b T — 7 FEFES AT A OFEEE
BIREE T O EIT o T,
DU R8I B ULIFE SN R 2 kR %,

A #BEHE GI-POF OBRZE

27 v FRY ~—%2Hiz GI-POF ORIELX BAE TS L & KR TITo72, 20O
GI-POF 1T, JIBfil 7 #E 4123/ Nt #d & 3[R CRA%E L 2003 4512 ERATO ORI CTH 5
WRMMHE CER L TV 5, HRTHEE O T E % Figure 11287, BWRTHNEIZ LV 1E
X7z GI-POF DJEHTHRLSAIL, REFAGLLEUZ ) —ET 52 2P0 Lz, &
RS E A WD 2 IR0 | JBITRSAA IR UGE S L, BRI IR ICdGE S
Nz, T DARERHLOFE S22 T Figure 2 127859, 2008 4E1C, #F 1.55um & L —H—%
FAVNT 40Gbps (7 7 A 73— 100m) O EEREICERY) Lz (R T # V=T KFO A,
Willner iz D 7' v—7" L L[], Z O pfiiki% ECOC 2008 TH# 4L ERATO-SORST T H %
(24815 T 72 40Gbps + 100m DARIEIZ AN LTz, HBEd e 2s ilEE7R GI-POF [%, A4
O ALAE RS L Y Fontex® &\ ) A4 FRCHRTE SV TV 5, B EEREN I EE7e GI-POF
I, FENX Y NT—2 DA, == L — ANDOEEEARE LTER LoD H LT
TT 4 Tr—T N E~DISHPGTE 5,

5000

40Gbps* 100m@1550nm
Georgia Institute of Technology
Chromis, Keio Univ.

4000

AGC, Keio Univ. 7
/
3000 10Gbps- 100m@850nm  /
Keio Univ., JST AGC /
| S
2000 !
§

Bit rate distance product (Mbps km)

————————— .'
e VAV
1000 | ALy ‘\‘9 .
,/'. NG I el
0 1\' BN o —i - 1
1990 ~----1995 "~ 2000 2005 2010
Year
Figure 1  Appearance of co-extruder for Figure 2 Development of data rate achieved
preparing GI-POF. by GI-POF links.

B KA EMyHEL, (BRI, &MEWEEZ AT 28R U ~—DB%

K72 Y 7 OFJFIHEH SN TV D27 LED O KL, kR TH 5 PMMA
AT AT TA VT I AT T 2F 77 7 A 23— (SI-POF) NMEFEE & 725 650nm
HICAEDELN TV, LLARNLXHEy NMaa B2 5 mliakd ffReElc 4 5 il
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v —YH A A — FWTEHEE L —F—& A 4— R (VCSEL) ORI E X, FIiaE
RFMEBE T H L 6T0nm HRBENTH DL, 207D, ZOREFITIEKBEOE LR
GI-POF OB N MEL 72D, ZOMREHROBKMEL T 5121, BEROEEK THH C-H
RENGI Z K S B D 72012, AKFERFZEKESCT v ERVIIHELEO LV BV S
VRTLETEERZID DA TH D,

B-1 ¥y 7 v H#E ARV ~—%HH7= GI-POF D B3

DT A TNV—TRER L FEREYYE 2R L 72 2,3,5,6-tetrafluorophenyl methacrylate
(TFPhMA) & 2,3,4,5,6-pentafluorophenyl methacrylate (PFPhMA)® 2 FEFEDE / ~—{Z-25U T
GI-POF DIE A T o7z, 2B 2 FDE / v —I%, BALAKFEY © © C-H f5EH0E PMMA
DI L HE LT 34% L7\ o, POF BRSO C-H RENLINIC & 25D KIE 2K T 23
MFHETE S, PFPAIMA FRERY ~—D Tg £ 130CTH Y, PMMA O LY 25CITEH
VW, L2xL7e3 5 PFPAMA OFRERY ~—TIdLE
BN ENLTERFE ) ~—0BEWN2d, Tg DK

T & POF ERBEDFIANE Z > TLED LW H Y 600 "

MR B T, BEFOREE, PFPAMA & MMA L 46% s f

BEEDH 2L TIOMBEAMRSN PFPAIMA & 2 40 |

MMA & DE ) <= —ISHEOE NP L, RG0S o | fé%?m
PFPAMA £/ ~—7% MMA £/ ~— Lt EET 57~ %
BDPFPMAFRTFEE / v —BENKRER ) ~v—L gl § 2 o
T L. O PFPMA & MMA L ORITEDHER < 100 | 29 ‘;}azlaks
IEFINEZ N O IEAIT L D HELITIER 12/ o dBkm |
SV (KREE 718 DLS-7000 (Z THIE), 500 610 630 650 670 690 710

PFPhAMA/MMA L E AR Y = —% GI-POF DRk
AL R 670-680 nm T 172-185 dB/km T&H b | i 3 Atenuat . "
. gure enuation spectrum O
MMA-trifluoroethyl methacrylate (TFEMDA) ZREM & co?)olymer based GI-POF. P
TH5H0OL0 HEBEZE 100 dB/km [KHEK L -7 Blur line is TFEMA/MMA copolymer
(Figure 3), JEITRNITWAR Y ~—[F L& LEA L based GI-POF.

Wavelength (nm)

P BB O 5 - LT ppe | Red fne i PRERMAIMMA copolymer
. KEAKD GIPOF DMKt L 20 5 52 &l o
ST LTz,

[ 206 OWFZERR I BE S 2 225 ]
[1] K. Koike, T. Kado, Z. Satoh, Y. Okamoto, and Y. Koike, Polymer, 51, 1377 (2010).
[2] K. Koike, F. Mikes, Y. Okamoto and Y. Koike, Journal of Polymer Science Part A Polymer
Chemistry, 47, 3352 (2009)
[3] K. Koike, and Y. Koike, Jornal of Lightwave Technology, 27, 41 (2009)

B-2 i/ ik LA Y ~—IZ k% GI-POF OiFS

TFEMA O 7 v RIF T AT FICESHRZ 52 L1080 TyRELS D 2 ERTHIESH
% 7=, Trichloroethyl methacrylate (TCEMA) % = 7 #1t & L7 GI-POF OFAE - FEl AT
o7z, TCEMA Al mHEIR OB Kk (660nm~680nm) TOBZHMERHIFF S, &7
Y FERY v =Ry 7 v IR Y ~— R OEAFARY ~— & g LT B a2 R K
IEARWNER P FE R Y ~—Th 5,

FJ TCEMA Z L7 BAELGOLNTZARY v — 2L T2 E L L Z A PMMA &
DK 20CE VI 130°C TH o 72, L LR S POF OERITREAZ Z[E LA v 7 B
BICKRY ~—Z RS2 2 LIREETH L7120, LT EAR, RERORY ~—0 Ty
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RN EECTH D, TDIZHR Y ~—DEARE % 85CH 5 140°C DOHLPH T 5°CH| AR E
LTHAL, HLXDORY~v—IZONT T2 ME L, ZORRE 120CTEE LIZGEIC T,
DK 120C L b mWMEAZ R T Z L 3o 7 (Figure 4)

FROTPIHBTF2ITo725, 2y RA v F2—TEICEY TCEMA R ~—%a7 b9
% GI-POF ZERL L it R L OB FZEN R v b T — 7 Bl O BREFM 2723 2 &
% s L7 (Figure 5),

TCEMA Z#EHZ L7284 . PMMA % GI-POF L 1 MiZWE Dy GI-POF O /ERLAN AT BE
HDHZENRBRENT, BR—LbFy b T—7 LIS b EEENEUR~DICHANEF T 5,

140 12 3000
.oooooooo... ;\5 EZSOO*
120 — o 8 & < 2000 |
o) e ® ° 5 )
= ° ® £ = 1500
o
i — o ©® (K] < S
100 o - .o o 4 g g 1000 |
° L] ° o ® .—> E q:)
g g 500 F
£
80 1 1 | 0 & o
80 100 120 140 500 600 700 800
Polymerization temperature (°C) Wavelength (nm)
Figure 5  Attenuation spectra of
Figure 4  Relation between T, remaining copolymer based GI-POFs.
monomer and polymerization temperature. Blue line is PMMA based GI-POF.

Red line is TCEMA based GI-POF.
Green line is TFEMA/MMA based
GI-POF.

B-3 ZERAGEHT 7 U L— F AR Y = —IT X 5 &EMME GI-POF DRt

BEWCAT v T AT v 7 ABPOFIZ L 20V 7 OFE N RSO H 5 H B E PN LA
HiRlc lﬂ“@bm@ﬂﬁ@%*f»&b V. GI-POF OFEABF-NTWD, BENEPNLER T
%L B SSAT I U C 85°C, 105°CEiV VT 125°C DI EVEE N ER SN b, Z ORfEIC L,
BTy RV ~—E LT TFROZERMGR T 7 U L— |k (Figure 6) |2 X 241772,

Ards g g¥sg

i) iii)
i) Isobornyl methcarylate (IBMA)

ii) 1l-adamantyl methacrylate (ADMA)
iii) Dicyclopentanyl methacrylate (DCPMA)
Figure 6 Chemical structure of acrylate polymers.

L 72K Y ~— Tgi%, poly(IBMA)73 156°C, poly(DCPMA)A 150C CTh -7, Fi-
ADMA @ TyiZ HIEREETH o7z (FIMRIEEELL T CIFEVATMAME 2 /R S 720 & D Je4T 3Tk
HY), FRRYV~v—Za7He LTHW, & F F— " e LTWTine bHEEEDOR
v diphenyl sulfide (DPS) RN L7z, £72 26 DR Y ~ — TR EE A3 55 < Moy R A
DO, 7T MICITHEBEREIZENLS PMMA IR L7, =y RA v F 2—T7EIC
X0 GIERTY 74— LDOIERZHAT L Z 5 poly(IBMA) & poly(ADMA)IZ PMMA & ®
PEEMENTIN & W D RIENE U223, poly(DCPMA)IZ DWW TIIRKED 72T ) 7 4 — LR
BoNiz, 207V 7 5 —hZEHGEM LT GI-POF I, #%5 650 nm 128\ TiaikiE k7S 355
dB/km, fEZEHIRY 18 m £ (BL# O E HERIEEEE) T 2.26 GHz &, BB 2 7R
L7z, F72 Tgld = 7HLET 107°C L, BifTD PMMA 3% SI-POF Dffiff ik & ik LT & iff
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BNV EDTholz, BIFE/ ~— D, F— XU NOBEEITHI Z LICL D, MtEWE
DE 575 M ERFFTE 5, GI-POF O Em EiC L0 HiEmsE R~ MU — 7 R E
b+ BZEMNTE, VA Y —FX ABHEBOBRE(DAREL 725, £7- GI-POF Oifitht KX
KM B,

B-4 Tit#E\ GI-POF fl K— 3 ks OHFSE

BUEMH L TWD R—=30 MIR Y == 2 /RN RE <, kb F— 0 b
RENEWNT 7 A A=A TR TR < —IR5E

Y HOlE LT Z OREMER 20CHHEF LTS 205/ —
B %, ZOTw, GIPOF O RZWEIC AN, L o 1
TERNE T b DRI HIEICE T 5 &[RRI & AV b 4 7T = |
BELTDHME— S poREt L ZORs V== 7% 2T

fTo7e, SBITHM F— S0 b &M @I GI-POF 0§ ™ Y7 1]
TR 27 THAVED TG 21T > 72, 40 FELL EDE /) ~ gmm\\\ J
— RO TG, B ORI B 2 & FH AN 0 NN A

DI L TR NS NI L BAEELENEN & 0

450 550 650 750 850 950

W EBEFMFICRAT ) — = T EATo TR R
dibenzothiophene (DBT) & 9-bromophenanthrene (BPT)
WELNT, & R—"2 &I L7z PMMA % GI-POF

Wavelength (nm)
Figure 7  Attenuation spectra of
PMMA-d8 based GI-POFs with high
thermostability dopants.

DARERFE S QNI A BRI L 7275 5, DBT #sin GI-POF
I3k R—s30 hTH D DPS & 7= GI-POF & [A)%
DIGERHEZ A LN D, aTHILETO TyM 97°CE, £V EWIREWEZ A3 2 H 4 s
L7z, %72 BPT % PMMA-d8 ZARHFITIHN L HE T, a7 L TD TyA% 104°C & DBT i
N GI-POF LV & BIZEWIMEWE 2R D R 780nm TOREHE LAY 164 dB/km & 537
KM% D GI-POF 23 & B v (Figure 7).

BPT % F—/32 MZHWZ GI-POF &, fERHAWHLATWZ DPSIZL S D L DO ERER
B FICBT 2EEEMOLE % L=, DBT 2 K—/3 k& L7 GI-POF |, 85COEREE T
TORKLENMNN DPS DA & i L CTRIBIC/NSL b Z L2 LN LT,

PMMA % GI-POF @ K—/% k& LT DPS Z W TWaR, TOMEWE2kET D Z &
NTX5DBT & BPT 242R L7-, 2D K=/ & B-A~B3ICit#fi L CWAHHE <
— ARG DD ZEICL Y &R L MMEWEDE LA TE D,

[ 206 OWFZERR I BE S 2 225 ]
[1] Y. Yamaki, M. Asai, S. Takahashi, and Y. Koike, Applied Physics Express, 3, 071601-1 (2010).

C IREMRHIEIC X A Nk GI-POF O & pEH7 11T BH %

PERD GI-POF ODENEIZ T Y 7 4 — L EER L ZNZ BT 53y FIETH 505, ik
I A ME T D702 SI-POF & [AAR DR AT I X 2 BLUEE OB A IEF I A
Th b, EDIH, WEPHEIZ X 28I R0 IIR O HIEE 2 #ES72 L GI-POF D32k
ElRET 52 L2 HMET DM EEIT -T2,

TR A& E 2 T GI-POF Z#fseiIZA/ERL L | & ORFEFEARIC K 0 e 70 s 5 %
BEt L7, SOV Il —var7us I A ER L, RBITESMIERERO B
HORRERA & 3 T2,
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TR K 2 BT R0 OFIEI R & L C, ERATO (2 X A28 TH & 2T L7 die
REICNZ, IHEEOE SICEDHBICHOWTHE LT, Z O BIEkO S THRICHLEK
BORIEEL LB TIIEWHAR ORI =540 1.510
DELNRNWZENHHL, aTMET Ty RO A
I h~A7r—1L—KMFR)EEZ03LLFE LI,
30 L EIZT Bz Lick v, sk DT #5403
BONAZEEHLMNCILE, F-. EkEZHNT
W PR AR SR —E D Fick AULE OS A IEET A Laos |
LB onsar 77y REmO BTSN IE N
RIZHDISIBIRIC T2 B EF 2 B DA FERIZIT TR LA e o 1
fotizt)ifﬁ D z))ﬁ‘%‘ %ﬂf:o Z @ﬁ%cl: D N @%NEFWJC Normalized radius
K DPEHLD A T = X DITILHARED IR EEITKAF LT Figure 8 Measured and calculated
A5 Fick B chrZ t2HOM™Z L, X refractive index distribution
DICZDOREREHE A TIEB Y I 2 b—rva VE1E
B L. 1 IRIGR CTOPERCERRIC X 0 RO 7o IR Ei & B 7o T 385540 O 3RS SR 23 SE 1
CHEFICI WA RT Z L 2R LT (Figure 8),

Fo. EBRIHER I GI-POF 1F, 1RO 7 /VEAEIC L W ER S 7z GI-POF &
FFREDREFENEOND T EZ2MR LT, 61T, aT7HEEANY 7 v NHPE O &iE

BEMEOEMTH St EZRET L, FMHEEL 7 ) — 0 7T —ANICERET H Z & T,
R HEIC XD GI-POF DIEREKAL 25272, PMMA % 27 L L725E . AR IR E
MN2I0CLL EIZ72 b bRV == EL CLE D ZENHH LIZ720 F L FOIRET
RV~ =BT E D X5 FEPRS FLEMORINES 2 3H U BRliRE 190CTo
T 7 ANR—OERINZRR B LTe, S 57 2O B SO NSO 72 5 bRt
SHBMETH D, 12 PMMA &38R 584 ThH H TFEMAIMMA HEERIZOWVWTH,
GI-POF OERUT SN L 7,

fix DRV~ —RMIZHONTI I o b—3 g U BTV BT RS0 7 B YEE Sk
(PEEER . JREE) 2B BT L=t FEBRC GI-POF Z AR HEIC L v /R4 2 = &2
TEXNITE, BRI RS 2T 5 GI-POF OIERINKS L 72 %, 5% 0O BEICITEE
WHFERE R CTh D,

Measured

Calculated

—
LA
<
o

1.500 F

Refractive index

[ 2405 OBFFERARIC B 2 BRG]
[1] M. Asai, K. Nehashi, and Y. Koike, Journal of Lightwave Techenology, 26, 2909 (2010).

D GI-POF D= &R K OVhdR 5412 Bl 9~ % BF5E
D-1 /L FE— N7 7 A N\~ DA O B A AT T2 B4 B HF5E

AREREEZHWTERD~ VT E— NHT 7 A S — OB O BB FIEIZIE,
MRS HAEBICHRE TE 2V, Wt — FEA T — NMREEBEEANBE S LV E
Wo 2N | RONTESE T TRITIREBREOGEREFE A FE T2 N TE T
IR0 e, R TIHMEIEE — REDIEFIZZ VKOS GI-POF (22T, B — RIKAFMHE
KR O — RRAEMERIE O ERE D 5 T — AR E KD, BHME TR E Atk
ERHHEIZ LY GI-POF DA VA SE ZH T 2 FEZREH L, EZHME & K< —B3 55
BB, ETOFEE AN L0 YRR E D Fick YL L v B oS n7-
BTG AT DT v GI-POF RF M 7 /VE AR L 0 ERL S 7= KD £2 GI-POF @
EIREEOREER & LTiE, B— MEKEEELA LY b — FEROBENRRKE VN LN
SN2 o Tz,
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D-2 aT7WIZHRY ~—im%EHT 5 GI-POF D& RMIZEI 3 D05

W22 OIBFE T, kAR HE TERL L 72 GI-POF DAGEHHE N Z DRI RS b HE
BENDEID b RENEFIEE RSN, ZofETix, fEmHoarRy <
— &7 Fy KRRV ~—LORmMN, N—/30 FOYERIC XV BT S LD L5 =
TORNEIAHFET D, Z0a7 =27y FRY v —REOBEREIZ L) @RE— A&
BRAL LR R, BITROMNL THEND L0 LAV ASE LN LD THL Z LN
RIS, TR A NLGE L, FEBRIZIET RS MR R E) b Tl L TV 555 T
b INHIR 72 R A2 AT 5 GI-POF %453 % 7= O IR HVE S RO kEfRE 2 & b e v R
A F a—THEERHA L, PMMA % GI-POF Z{ERL L 7=, ZDO#EE., Z OfEREICB W T
. WEEPRHERER, 2 7 NICHEEARE LG T 527 —27 7y RARY ~—Rmi L& L T
BY., ZOWGEBRICE > TEKRE— RBEE, JAFEEEZSI SR LTS Z LR E
Nz, £72. 25D GI-POF MBI RS DN RIEIRN O K& S THEL TV DA THIE
WA B2 A L WD Z L 2R Lz, £72, mkT— RRERELTDZ LI
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Figure 9 Measured bandwidth of GI-POFs fabricated by the
rod-in-tube method and the interfacial gel polymerization method,
compared with calculated values.
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