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Studies on Improvement of a Gold-deposited Surface Plasmon Resonance-based
Glass Rod Sensor System and Selectivity Development of the Sensor by Teflon Coating
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B1E F

Fi 77 X R (Surface plasmon resonance, SPR)HIA X, 7'V X A/&BEEIO 3
JERIZHNT, HEWQEAFAEO)EFONN BRI 2 2 LI AET H o 3R vk
¥ MO (kev) & BJF LB ENCAAAET D RE T T XF B OWE (k) S — B L7z &
T, TONNLEBRIN SN HEHETHS. Fig. 1. 112 SPR LD %79, ZD 3
J& % DO FRLE X Kretchmann FRf&E & MDD TH S . 2JBITE 10 nm OEETH D,
GRRBIES VBN TS, 20 SPR IZEEOIHIAFIET 2Bt O EITR ()t L
THURIZINE T D720, MEICHABOJEFTREZFHTE 28— 2 TE 5 V79,

Incindent light
(wavelength 4)

Prism
(Refractive index ng)
Evanescent wave
(kev)
_ 9 Surface plasmon
Sample (€ ¢ = n, ) wave (ksp)

Fig. 1. 1 Schematic representation for the principle of surface plasmon resonance
(SPR) for incident light with a wavelength of A and at an incident angle of @ in the
Kretschmann configuration of a prism, a metal film, and a sample. The refractive
indices of the prism and the sample are nc and ns, respectively. The dielectric constant of

the metal is ém. The evanescent wave and the SPR wave denote &ev and ksp, respectively.

SPR & o —IEE AT DB, —MRAVICA AR L RAWA O 2 TR B S
TW5. AEZEHM SPR #E L, X L—Y—%2 ML, M2 HW52L T, £0
WRICB T 25k e OIBAELTIRD FIETHD. HEESHA SPR #iEIX, KR =
TR )T UTOR D BRACHIRAMEA L, RIS ERE WD Z
ET, AIDEN BRSO ISR R AR D HiETH D, ZbiE SPRBIG A2 L <
FHT 272012, xRS ST 27200 EEITREARO 7 Y X LLERHE, SR
T5 L= —LHENE, REEECOCERH R EOEMAKE L 20, HEO/PRER
I RNE T UREELN D),



TUVRXLEDRHAE L THT 7 A 3—%2H W= SPR U —% T R AN H D, T
TAN—IEBIEO 2T OFHAKETIEO 7 7y RTHEL T, &NHEEZT
ZETHEBRT DEEKTHD. T A NN—0aT L LY T v R EIC&EERE
AT AL TRV —FFL L, BV ORD REE N EE 2 RS 5 2 LR T
D, T 7 AN E RS O NORKN DR, REBEOGEBEECAVSGR
LFEMTHD. TOI2D, L —HOHE BTSSR E T D RERIED FTREME R
I TWD. L LT 7 A =Dl SHUTTREDME S, e < ENTWREDH D 071019,

DX D RBEFD SPR EBOFFOR M TH HIE DO/ A N T U ERRL, £
7297 7 A 3—=SPR &LV —DMss S MR L, /UG CHER O E 7 E E 2 A
LZEREMEL, TV RXAOMRHE LTHT ABEAV, JERICEES A 4— F(LED),
FHIIC 7 4+ b # A 4 — RPD)Z v % SPR & ¥ —4EE 2 ABFFERICB VD TRESE L T
% 1892022)  Fig. 1. 2124 7 A4 SPR ¥ —DFE A2 ~7. FFEDOHKEWA) ZF> LED
22D DILTHEPR DI AF 4 (0) & Z st LIe AFHETRE (L) &> T\ b, T Ak
1B T 3B TASEN A L7, PD TR SN2 BRI ZAS T R T o of:
EW RO %x#_moﬁ%5%FRM®t®ﬁiuwmtfﬁ9?5 Z DIREEA A
B2 Z & T, MEROEBIZH T DEERHECHINEF O X O M RmRE A0S
%E#ﬁ<ﬁ@,Eﬂ#0¢ﬂﬁﬁ/%*%%%%%ﬁélkﬁﬁék ZIT, HTA
1%$mtyﬁ~’%#éiw®ﬁﬁﬁw~°Viéﬁw®ﬁ%m#ﬁmwﬁ<,_®§4
70 SPR £ oY —OEMALO =012, & —MEECISERHEICRE T 5 A SIS E
@@Kmﬁlﬁmﬁnﬂxﬂkfké
ARESIE, @HFEHT 7 A SPR & ¥ —3EE O &R EL & VEREREM, 7 OINERED
7 LR VERE OB, B O —F T OT 7 o WEIC L AT L a— Lk
PFHEDF BAZONTEEDTEEDTHH.
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Fig. 1. 2 Schematic representation for the principle of the response of the
metal-deposited SPR glass rod sensor for a sample refractivity. 6, b, and 7 () are an
incident angle of the light to the inner surface of the glass rod, the intensity of the light
reflected at 6, and the attenuated light intensity, respectively.



¥ 2% T, LED 20X & 95 SPR BRI W= 47KEH T A% SPR & o —IEE
BT D EIEEICBET 2898 £ LT, BROLOBE 2 AWV CSEE B 288 LT 5
Tl o T, IWEOZEENM EL, X ORUNRETTRECERIET D Z & BN ATREIC AR
ST TE ) —)VKIRIK, XU VNT I a—)LD AR ) — VISR, 2-T R ) — )LD K )
— VIR ORHBR R OWE 21TV, ZZEI 4.8X1075,4.5X 1075, 5.2 X 10-5 RIU O
BleE Uiz, b ofERE, AFEEO LED % AW 2 0EkD4&K5 7 7 A% SPR
U= LG L TH 4 FORBE(LEZER L TEBY, FEANRED L —F—E LK
ETDH8ERENRT 74 /3—SPR B —12LFEREDMETH SH. NaCl, KCl, MgCls,
CaCle /KIEIR DOILFEHE 21T > 1245 H, 1.8X1075, 1.3X 1075, 6.1X 1076, 8.9 X 10-6 RIU ®
BRHRACTH o7, LLEORRFIZ LY, REKENTT A SPR & o+ —3E@EIZHB\\ T
HEg L 2 MERem BRI L2 2 L 2 FEFEL -

W3 W TIL, &FRENT A SPR & —DIRERHEICHOWT, 7 LS E AN
TeHERA RN E TRINZ DWW T E LTz, FRICEIT D SPRINED 7 L X VER L BARE
7 A4 SPR ¥ ¥ —IZEM T 5 72012, LED O ASIEHRES AT, H T AR D AS
A, BESOIIRIC L DIRENH, KEEDORS, I7 ABROERZEEE L. 0Ok
R, @#AEN T A SPR ¥ Y —DIREMBROR/AMED B — 7 (il LRIk, F25k &
DO FIZBNTERBZOHBNTRLS —F L, 7L RVERERNWTGEET T Ak
SPR & v —OHERIC L AR TRIOE AL R L. ARICOWTIE, BECHRS
TR 202 £ L DT b D TH 5.

WABETIX, B —FTFOT 71 AF2400 JEEEIC X 57855 T A4 SPR &
P —~DT )V a3 — VEPVEDF G ONTOIEE £ LT, 7 7 1 AF TS E &
HREREDT o Z LREEBKRTHY, FMBEITB TR 3~8ADMMALIH 57
DIZENT ZABREEFf> TS, ZOWRMILICE 20 7V A XD5L WS Ttk
P CRIWEZ 5T D LN TEDL. W EME LTI N a—REEREE T2y ) —)L
KIEE, 7 71 AF2400 SR CYE L 7= &85 7 7 28 SPR & v —%& W Cll
EEATOTAER, I Va—2&HRLTY ) —VREOHERETHZENTEL. 20
o — % AW TEEOZR R IFE-CEBEEE O 7V o — VIRE OEBHIEN ATRETH Y, 4yHE
ERHOEEZ IR > o — %2R T 5 2 L TE 2. BRICHRE L=k 20N
ReFLeDlEbDOTHD.

O ETIX, ®AENT A SPR £ —ICBHT AR ARG LTz, R
—HEIHETH LI H 00T, B FEOSRE 2RI R E I LHT 2 MR TH 2.
F o2 OB E 7 LAV ERE AW E CTRT 22N TE S, EDIL, T
7ur AF BRIEOWEIZ LB O SBE L it &2 e R ot o —Th 5 2 & & 355
Lz, ZROHOMELY, &HKEN T A SPR & v —okhen b & ISE R ORI
LD, & SICEIRMEZFF o' o —F T OB EONHHLFDO 0BT 5 Fofitk
EFERMEERFLGEST D LN TET.
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K77 XE L HIBSPRESRIE, 7V X L/ERBEEO 3ERICBWT, 7Y XLIEE
R CAFHBS LG L7z, =%yt MEVENEL, 20 EV e B R
\AFET HRE T 7 AT (SPK LA E Z§ 2 & T, 7Y XL0WB ORI, £/-4
JEDFHERITKIE LI ARALEEDNNBRET 284 THD. 20 3 BRONGFAREIL
Kretschmann Boi& & PR3, SUBOJEITRICK L CTHURIOISE T 5729, BURIZHEOJR
WHREFHT DR —2BETE D 00, L)L, ZONRFREICBWOIEE 2 S
WHODOT Y XL EOREITREARPMLEIZ D, £, KR L —F =B ER,
RS EER B R R ERRETH Y, EEO/NEULLCa R N E T U REE L.
TURLOMRAE L THT 7 A 3= HNTSPR U —2HET IR0 H L. K7
TAN—XEBEITRO 2T OFEBEKETEDO S, Ty RTHETHZ LI2XD, AiflER
I ERIN DN H G TEX H2EREO—FETHD. X774 —DaT7HbHWE7 7 v FE
I EERE AT L, SPR IR AR IHATE 2 —2 T LI kY,
HF RO NP E L TR S TR LW TS E 2 BT 5 2 L N TE 5 5735,
W7 7 A N—=F iz SPR & U@L, AR AR L TRIRARY MO ELR
b BIRHTRE D ik 9190, T 7 A N—% 7 vy 7 IZHOIARE L T2 7 &
S B 2 TR LRI A SV ERET D 5151529080 5. F1- b —— & [ais
BEMAEDETHT 7 A N—WNITFREDAE DN 2 NI &, ILIGA D O E T4 %1
DHWE 9N H 5. MICHIEREEAELEE LT, NEOMEL) S BITHEE 5 ik
W33 5. F 72 24 S D& Y — DIRERMEIZ BT 2 FERATIE 1T TN 5 3040,
AFFRETIE, VT E—RET 7 AN—DaTREIERERE LI —F 1%
FAWT, He-Ne L —#—(632.8 nm) D> DR 2L 4 JET 2 i e tiE o o ¥ —
HEE 2P L7z 4050, SEIRIZRIE X A A — R(LED), BMHEIZ7 + N # A 4 — R(PD) % f#
M2 Z & THRECOREZFHAT 5 S BICHMAREEZ R > 72 SPR & o —25E & B %
L7z 5054 eI R (563, 660, 940 nm) DJSEFFEN DR, 7T AHEOE(1~4 mm),
F 7= AEIRE O 7R ERIE(30~70 nm)X°R S (1~10 cm) DFEEDO T 21T\ 3, BiigaEHEIC
K BIRERED TR AT o 72 59, ZOEEIIR DA T IV — )LD A X ) — VIR &
TR R OREIZF T 0.08 (5F5%(%, viv)(ARL = 1.8 X 104 RIU)DAE TdH - 7= 59,
ARFZEC BT DB L= T A¥E SPR & o Y —3E@E OAFFERE &, thOBFZEE A7
BOWRDNT 7 A N—=o 0T Aga P —F 1 & LTHWZ SPR & v — 35 E D
(sensitivity), ZJfi#fE(resolution), FHPES (limit of detection, detection limit) D& 5H %
Table 2. 1 |2/~ 7. BV —F T OMEIZITHZESCREZRET D HEE, X774 3—0D
KIGIZ B —FRTFEHBEL, BERCTKE L TOE7 7 A N—NE R > TE 72K 21
ETHHERDY, MO0 ® o —EEORKRELTHL WD



Jorgenson O NI T 7 A N—DaT EHPHEL TNDL 7 Ty REREL, a7 2B HIE
721212, a7 IR 55 nm 285 THZ LT —F 1L L, MBI ERZH
W5 ZET, RO ACLOFECER A HET 2RI SPR o h— A L.
500 nm 1T & 900 nm FHEDPE EZFWZHIEN S, WREEHNO SPR EBOLE, K
HEMTOREIZBNT, X0 RBWOHRENMEOND Z L 2R, SEHEF O EREN
0.5 nm TH»5%H4E, 500 nm U7 Tl 2.5X10-4 RIU, 900 nm 11 Tl 7.5X10-5 RIU &
W Lo, Fe, 77 AR —E 0 AR U KR A RISl L,
SEEEF DAY REENS 0.25 nm TH DA 4~5X10-5 RIU O fREETH D L #iE L7- 0.

Grunwald & MNINT 7 A /N—DHEUIZ 50 nm DE&EKE LT- L —FF2/ERIL,
S BT E T — N RICIN L L7z SPR EFa44E45 L, 7.40 x 104 RIU O fERe % £ b,
T —ER D 2RI 72 Sy EREDS 1 mm LA F T D &S Lz,

Iga & 101X Jorgenson & 9 & [AIfE O & [ ET 5 BAHA & L — 255 L7223,
BOEINT 7 A N—%liESE AT O aT 77 A N—Z2 AV, ZO~T oy iiz
50 nm A L TRV —F L L. ST 7 A NN—NEFZBRT D AHA T L DIE
B2 Bt O PHIL, B L L2, Zov B TEITER 1.333 RIU
FHEIZIBWT 1.5 x 104 RIU O fiRfe &£ 6, JEYT 1.398 RIU (23T 2.1 x 104 RIU
DOfRREZEFFO L WA Liz 10, Flot P —HSICAW L AEE B AN LEICET L
BA DY Y —EEOISEBEON LTV, WEZ L OSEHEA2FE LIk L. £
DOFER, &% 60 nm 7&4 L=t o h—2% HWTRE & SEREIZ T Eh, BT 1.333 RIU
FHEIZHBWT 675 nm/RIU & 7.40 x 104 RIU, JE#HT3 1.398 RIU T2\ C 13754
nm/RIU & 3.64 x 10-5 RIU MG H 7z &ty L= 1,

Suzuki & W I %2 H L7z Jorgenson & O L RIEROIIR DN 7 7 A N —RKiglo & o —
oy & FFo SPREBE ZMHEE L, 20~80nm OB EREEEZAEL, IEZRE L. 64
nm OEIEEDE P —I2B T, 1557 nm/RIU OFREE & 4556 EF O 43 fREED 0.5 nm T
b HEHAIC 3.2 x 104 RIU Oy fRie ot oy —Thodr Z L 2WiE L.

Slavik & 2D|IHT7 7 A N—% T 0 v 7 |[ZHDIALMET L Z L TaT #EZ NS, FE
mEICEREARETHZLICR VB —H AMEL, BKERDORESCHIE TR 722 7
v RBOTFENIGEIZED LI ICEBRS 50 EEmatHIC Lo TR L7z, L
#1% 3150 nm/RIU DJHEE & 3X 1055 5X10-7RIU O/ fifREE Fi> 2 L BRIB X iz,

Ronot-Trioli & 20|33t 7 7 A N—Z H = —3EE Iz, U X L%EZH\- SPR &
P—IZB N TEHEEHIN TV AEIE XA Lo —E 2R L. 255
EIBITEZANTEBY, T 670 nm O L—HF—TH Y, [EiEEEZHNTIHT 7 A —ik
HIZAST 2 L —PF—DAELE2E{L X7, 30, 50, 70 nm OREEBFEICH LT, AdAH
ErELSEE EDISEREOEE T vy b L, AFAEICKT 2 FEEHREDE(L
DI MHRD & P —2EE O BRI E £ & DT,

Tubb & 39(%7 7 v R&EFREL CTTF—/ 3—RIC L7z a7 kiZ4&% 55 nm &35 LI-HEZE



PO o —AEE A LT, 15135 2R OFE R E SRS RIKF L TR T 5
ZLIZERL, EEALET LI L REAHBR E U THWE. 740 nm O R A E=X
— L7286, 1.326~1.375 RIU OJRITREFIZ IV CE R E LRI R oINS C T
BT DISEPGF Oz, T OB TMEARAEE L L CHWSE, 5% 1074 RIU O
JEITRE b 2R L LTl L.

Iga & WITRELEHA DN 7 7 4 N—SPR o —DiEBE L2 #F L, HJi% He-Ne L —
P05 FLEEE 667 nm O LED 1A LT, 0200 CERH2 5 PD Tz 5 2 &
THREEHIERI D SPR B & U CHEEE LIERE 2 BT L. £ O R, IBE 20 nm 4% SPR
el s LTV o —FR T ORREE &3 iRREITE T 1.333 RIU 123\ T-0.80 / RIU &
4.80 x 104 RIU, JE#T3 1.384 RIU |28\ CT—-4.15/RIU & 9.31 x 10-5 RIU ##&E L7-.

Kurihara & 39367 7 4 N—DOKIGIZH pm BEDOKE SOREROE A —0%
FFOoBRF M oREE A HET 2 SPREB AL L. KISV —V—%2EHL, &
VY= T Uz SPRBIGIT K 2 B OWE A HIE T 5 Z & T Ronot-Trioli © 200 & #7201
R E 2 FIOCEZNE Lz, ZoEEIFEERICeEZAE L, #HENL SPR &L
T < BRI 10205 nm EFFE SN, MOIED N7 7 A /S—SPR Lo ¥— L ik L
A, Oy —FTImvNTH D0, 7.8 x 103 RIU O fRFEE F5o & #iA L.

Mitsushio & 47X a7 ElZ&% 45 nm A&E LI T7 7 A N—Z ko h—F 7L L, JKR
IZ He-Ne L —%—, RHIBIC Si WHas2 A\ 7B i@ e 2 JE -+ 2 528 i SPR &
VA—EEE AR L, RUUAT I D AL ) — EIRIZEBWT 5.6 x 1075 RIU Ok
HIFR AR D R 21T > 7. £ 72560 660 nm @ LED & fiHHEs2 PD & W /=3548121% 1.0 x
104 RIU O HRS 2 L7z o0, [fl— O Jei & fritids 2 % 45 nm D&% 7878 Lo
7 AFE SPR W —I2BWV T 1.8 X104 RIU)DIE TH 7259, LvL, X7 7 A "—I
Z O EHUTHBATREICZ LS, <ERLTWRARDH L. IHIZENHEOA LN
R DIGEDIXHHERLHGHA AL L THHRTH DL LML T\ 5D 2.

LLED L 91Tk 2 EFiEE W T 7 A X=X T A% SPR & o —2LE )3 P %
ENTEED, AESPHEZBNTEBEICE O UL P —F LS O EIEIRER & [F
CThY, HEEOHBI/NRULITEHE LV, 2SR LT, JemEOEL &2 RET 5 ik
TIHEEEEECIEIEF O L 5 el 2 Mg e Lis\Wicw, il %2 L0 f{E 2 ZhiciE
BT H LN TE D 50, SEE L FiHEIC LED & PD 25 2 & T, &SIl T/h
TOIEE Z R TE 5 5054, Fiok o h—H0 00 R e 2 BN CHiE T 5 2 L T
WAL 595 2 ENATRETH 5 5950, = 2T, B0 L0 IERWEARIET 5720
it o —2E@EORKE R ER S OEERIER AR TH S, 'Y —EE ORI
WIS, SyffRE, MR CEMEi SN D . BEIZRITROBIICH T DIREDOKE ST
HY, DRERIXIEERE O E LW EOMESCIGEDIEL XL O EESTHS. K
FRFUC DWW TR ERR D B A fiFRE 2 W CHEERAVICEHE TRk TR Y, FERIC LV kEL
TS I ANIIE 7 L — T LM T 72\ 494604149)~53),



RETIIH T A SPR B ¥ —O@iEfEbad B E L CRRGHLEYEL 7oA 7 v L 28D
U=V ENNCE Y AT A EZEOHERFHHIZ OV TR L. R & RHERICEN
ZILED & PD & WD AHIFEEORERN S OfFEREE TH DN, HROBEEZ T =4
— T 2ZMEEHO PD #8 M7 5 Z & THEIBLIRE DL ENEZ K - 72 FER, SN Hadm b
L, Tba— VIRRIZHT DRHRR 28 4 (50 5 x 105 RIU R EICf ESE5 2 &3 T
. EAMRISAE LT, KEZZ =N ERMUCHMLUZRR DX ) —VRED
BEEHZ I THI 0.2%, viv OEW AR IR TX 28— EEAHEETH 2 LN T,
KR DHERE A A N T DB EZFHR L7 24, TAa— A E REID b EHIT
FI5 /K72 1x 105 RIUBRECTH - 7=,

Table 2. 1 System properties of surface plasmon resonance (SPR)-based optical fiber

sensors and glass rod sensors.

Auther System Sensitivities Resolutions Detection Limits Comment
25x107*RIU
Jorgenson et al. at 500 nm .
(1993) [5] Wavelength 75%10-° RIU Transmission
at 900 nm
Jorgenson et al. 5x10* .
(1994) [6] Wavelength ~5x10-° RIU Reflection
Grunwald et al. 4 Tapered
(2004) [9] Wavelength 1~5%x10 " RIU Reflection
2.1x107* RIU
Iga et al. at 1.333 RI Hetero—core
(2004) [10] Wavelength 15%x107*RIU Transmission
at 1.398 RI
675 nm/RIU 740x107*RIU
Wavelength at 1.333 RI at 1.333 RI Hetero—core
13754 nm/RIU 364 x10° RIU Transmission
Iga et al. at 1.398 RI at 1.398 RI
(2008) [11] -0.80 /RIU 480107 RIU
Intensit at 1.333 RI at 1.333 RI Hetero—core
Y -4.15 /RIU 9.31x10° RIU Transmission
at 1.384 RI at 1.384 RI
Suzuki et al. Wavelength 1557 nm/RIU x107* Reflection
(2008) [14] 32 RIU
3x107° RIU
Slavik et al. at dynamic mode Side—polished
(2001) [21] Wavelength 3100 nm/RIU 5% 10~ RIU Transmission

at static mode

Sensitivities change as each
incident angle

Ronot-Trioli et al.

~ —4
(1996) [26] Angle 0.8~2.1x%10 "RIU

Tubb et al. . 4 Tapered
(1997) [34] Intensity Sx10 " RIU Reflection
Kurihara et al. Intensit 78% 107 RIU Reflection
(2004) [35] Y :
Mitsushio et al. . 5
(2004) [47] Intensity 5.6 X 10 RIU
Mitsushio et al. Intensit 18x10*RIU Glass rod
(2012) [53] Y '
This work Intensity -5~-7 / RIU 1x10° RIU 1~5x 10" RIU Glass rod
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Fig. 2. 1127 7 Z# SPR & o — @O 2~ & —FFIZITER 2 mm,
F& 150 mm OH 7 AHEEMHH L7172, 6X10-4Pa LA FOEZEEE BT 1.0 nm/s D& H
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Fig. 2. 1 Schematic representation of the experimental setup of the Au-deposited SPR
glass rod sensor system, comprising a light-emitting diode (LED, emission wavelength
of 654 nm) light source, photodiode (PD) detectors for a signal and a reference, and a
sensor cell containing a sensor element. The sensor elements are the Au-deposited SPR
glass rods with a diameter of 2 mm, a deposition length of 100 mm, and film thicknesses
of 10-70 nm. Signals were corrected with normalized light intensities from the

reference.
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Fig. 2. 2 Photographs of the parts for the sensor cell (upper) and their assembling
(lower). The sensor cell consists of a sensor element, a main tube, Teflon collars, glass
rod fixtures with O-rings, screw caps, a PD cap, and a LED cap. The metal parts are

made of stainless steel.
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Fig. 2. 3 Definition of a signal (S ), a noise (V), and an error for the SN ratio
calculation. The S'is the difference of the response averages for 30 s before and after the

sample introduction, and the Nis the total of their standard deviations.
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Fig. 2. 4 Refractive indices of various concentrations of aqueous ethanol solutions and
a calibration curve for the solutions near a detection limit of a Au-deposited SPR glass
rod sensor. The refractive indices of aqueous ethanol solutions were measured with an

Abbe refractometer.
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Fig. 2. 5 Refractive indices of various concentrations of aqueous NaCl solutions and a
calibration curve for the solutions near a detection limit of a Au-deposited SPR glass rod
sensor. The refractive indices of aqueous NaCl solutions were measured with an Abbe

refractometer.
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Fig. 2. 6 Typical response curves for the Au-deposited SPR glass rod sensors with a
deposition length of 100 mm and film thicknesses of 10, 30, 45, and 70 nm obtained for
methanol solutions of ethylene glycol at a room temperature. The response curve of the

bare glass rod (0 nm) is also shown.
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Fig. 2. 7 Typical responses of the Au-deposited SPR glass rod sensor with a deposition
length of 100 mm and a film thickness of 45 nm for measurements of various aqueous
ethanol solutions. The concentrations (%, v/v) of the solutions are shown in the figure.
The signal was corrected with the normalized reference. The baseline of the corrected

response was stabilized.
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Fig. 2. 8 Responses of the Au-deposited SPR glass rod sensor with a film thickness of
45 nm to various concentrations of aqueous ethanol solutions. Refractive indices (RI)

and their changes (ARI) of the solutions from water are also shown.
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o 40F
= Conc. [%, v/v] RI A RI SN ratio [ SN error
£ 30} 0[1.332485| 0 - -
"z’zo <{> 0.1 1.332533| 4.8x10° | 3.9 1.4
I 0.2|1.332581 [ 96x10°| 82 1.9
10} 0.3[1.332629 | 1.4x10™* | 134 23
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0 02 04 06 08 10 12 0.5|1.332725|24x10™*| 236 3.3
Conc. / %, viv 1]1.332965 [ 4.8x107™* | 46.6 5.3

Fig. 2. 9 SN ratios for various concentrations (%, v/v) of aqueous ethanol solutions
obtained by the Au-deposited SPR glass rod sensor with a film thickness of 45 nm.
Refractive indices (RI), their changes (A RI) from water, the SN ratios, and their errors

are also shown.
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Fig. 2. 10 Responses of the Au-deposited SPR glass rod sensor with a film thickness of
45 nm to various concentrations of methanol solutions of benzyl alcohol. The

concentrations (%, v/v) of the solutions are shown in the figures.
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o 50 2
©
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% 005 010 015 020 025 030 03 02] 1.326752 |4.5%10™| 528 29
Conc. / %, viv 0.3]1.326980 [68x10™"| 69.6 34

Fig. 2. 11 SN ratios for various concentrations (%, v/v) of methanol solutions of benzyl
alcohol obtained by the Au-deposited SPR glass rod sensor with a film thickness of 45
nm. Refra ctive indices (RI), their changes (A RI) from methanol, the SN ratios, and

their errors are also shown.
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Fig. 2. 12 Responses of the Au-deposited SPR glass rod sensor with a film thickness of

45 nm to various concentrations of ethanol solutions of 2-propanol. The concentrations

Crrected Transmitted
light intensity / mV

Time/s

(%, v/v) of the solutions are shown in the figure.
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Conc. / %, viv 1] 1.359431 | 17x10™| 251 38

Fig. 2. 13 SN ratios for various concentrations (%, v/v) of ethanol solutions of
2-propanol obtained by the Au-deposited SPR glass rod sensor with a film thickness of
45 nm. Refractive indices (RI), their changes (ARI) from ethanol, the SN ratios, and

their errors are also shown.
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Table 2. 2 Detection limits, SN ratios, sensitivities, and resolutions for various
solutions of alcohols of the Au-deposited SPR glass rod sensor with a film thickness of
45 nm obtained by using a red LED (654 nm).

oo e Cor, oo S sy et

Aqueous ethanol 1332485 0.10 48 89 -52%02 9106
solution

ofboniylalcohal 1320298 002 * e .

Ethanol solution 1.359259 0.30 52 7.6 —-6.7 6.1

of 2-propanol
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Fig. 2. 14 Calibration curve for refractive indices of various concentrations (%, v/v) of
aqueous ethanol solutions, and responses of the Au-deposited SPR glass rod sensor with
a film thickness of 45 nm to ethanol added shochu. The concentration changes of the

shochu are shown in the figure.
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Fig. 2. 15 Responses of the Au-deposited SPR glass rod sensor with a film thickness of
45 nm to various concentrations of aqueous NaCl solutions. The concentrations (%, w/w)

of the solutions are shown in the figure.

Conc. [%, w/w] RI A RI SN ratio | SN error
0] 1.332507 0 = =
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Conc. / %, wiw 0.05) 1.332593 | 8.6 x10°| 214 1.7

Fig. 2. 16 SN ratios for various concentrations (%, w/w ) of aqueous NaCl solutions
obtained by the Au-deposited SPR glass rod sensor with a film thickness of 45 nm.
Refractive indices (RI), their changes (A RI) from water, the SN ratios, and their errors

are also shown.
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Fig. 2. 17 Responses of the Au-deposited SPR glass rod sensor with a film thickness of
45 nm to various concentrations of aqueous KCl solutions. The concentrations (%, w/w)

of the solutions are shown in the figure.

Conc. [%, w/w] RI A RI SN ratio [ SN error

0 1.3324952 0 - -

0.01 1.3325085 [ { 3% 107° 5.7 1.8

0.02 1.3325219 [ 2.7 x 1075 124 2.8

0.03 1.3325352 [ 40%x 107° 15.2 35

0.04 1.3325486 [ 53 x 107° 19.8 4.7

1 L I L 1 -5

0000z 004 006 008 010 012 0.05 1.3325619 | 6.7x10°| 271 6.5
Conc. / %, wiw 0.1 1.3326287 | 1.3x10*| 458 10.5

Fig. 2. 18 SN ratios for various concentrations (%, w/w ) of aqueous KCI solutions
obtained by the Au-deposited SPR glass rod sensor with a film thickness of 45 nm.
Refractive indices (RI), their changes (A RI) from water, the SN ratios, and their errors

are also shown.
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Fig. 2. 19 Responses of the Au-deposited SPR glass rod sensor with a film thickness of
45 nm to various concentrations of aqueous MgCls solutions. The concentrations (%,

w/w) of the solutions are shown in the figure.

Conc. [%, w/w] RI A RI SN ratio | SN error
o| 1.332478 0 - -
. 0.005| 1.332484|6.1x10°| 20 1.1
0.01| 1.332490/12x10°| 30 1.1
6 0.02| 1.332503[25x10°| 4.2 12
4 0.03| 1.332515/37x10°| 56 1.2
2 0.04| 1.332527|49x10°| 7.7 13
000z 004 006 008 040 012 005 1.332539|6.1x10°| 88 14
Conc. / %, wiw 0.1] 1.332601|12x107*[ 126 1.6

Fig. 2. 20 SN ratios for various concentrations (%, w/w ) of aqueous MgCls solutions
obtained by the Au-deposited SPR glass rod sensor with a film thickness of 45 nm.
Refractive indices (RI), their changes (A RI) from water, the SN ratios, and their errors

are also shown.
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Fig. 2. 21 Responses of the Au-deposited SPR glass rod sensor with a film thickness of
45 nm to various concentrations of aqueous CaCls solutions. The concentrations (%,

w/w) of the solutions are shown in the figure.

40

35}

30 Conc. [%, w/w] RI ARI SN ratio | SN error
025 0] 1332513 0 - -
Tl 0.005| 1332522 |89x10°| 52 15
Z s 001] 1.332531 [ 18x10°| 68 1.7

0.02] 1.332549 [36x 10| 10.1 20

10F 0.03| 1.332566 | 53x10°| 12.2 2.1

5 0.04| 1.332584 | 7.1 x10°| 12.3 20

00 0062 004 006 008 010 012 005/ 1.332602 |89x10°| 186 29

conc. / %, wiw 0.1] 1.332691 | 1.8x10°| 325 47

Fig. 2. 22 SN ratios for various concentrations (%, w/w ) of aqueous CaClz solutions
obtained by the Au-deposited SPR glass rod sensor with a film thickness of 45 nm.
Refractive indices (RI), their changes (A RI) from water, the SN ratios, and their errors

are also shown.

Table 2. 3 1% NaCl, KC1, MgCls, CaCl: % & Te/KIER O HER ORIER L2 E L DD
DTHD. BEROTH 7 — L KEROBIIER ARI = 4.8X105 RIU L i35 &, &R
A v DIREFER O BRI LR CAEKEEL L LTHWZIZ LD LT, 2.7~7.9 50
ERFOITND. [FARRICEE & R 2 i+ 2 &, BT 1.4~2.0 5, HfEREl 2.8
~B5ABEOENE S NTZ. & 512 NaCl, MgCle, CaCle D/KIEKICI T 5 HHIE TIx,
FEIZxE % SN HEOBIFRIZI VT, Ak SN A 0121 < 72 D 1T DOBE 0%, wiw Lo
KEEICBW T TR b RERENELNEZ. £ 2T, Fig. 2. 18, Fig. 2. 20, Fig. 2. 22
WRT K DRI 0%, wiw IZBWT SN B 0127257 ey b&EERL, Ak a v b
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EMEDRMIRAZ I L2 L 25, RFitEZID b RES TR TV, LER-T, &
JBA A VKB TIE =% ) — VKR E ZISE B 52 2R 2B RPN H DL EE XD
n.

ZOHME LT, &R mICEB W T Fig. 2. 23 1R T L0 BT O&RE A A C &
HBEX_HEOIEEN DD EBZ HILD 59, FERIZ O CERE TS — BT 5203,
SEEREOABRBEFICL2ER EHEOEMKIZE > T, REHERT OB 4 ek
HUTPFIZET T DD TIE RV EEZ BNLSD. SPR BG4/ m O JEIT R L DNRE
LLTHREEND -, ZOBR EBIZEDEEA A4 OBREER~DE D & EE,
FVEBEOKRIC RN EZLND.

Table 2. 3 Detection limits, sensitivities, resolutions, and correlation coefficients for
various aqueous solution of NaCl, KCl, MgCls, and CaClz obtained by the Au-deposited

SPR glass rod sensor with a film thickness of 45 nm.

Metal chloride Refractive index Conc. Detection limits SN Sensitivities  Resolutions
of water / RIU [ %, viv /10° RIU ratio /RIU1 /106 RIU
NaCl 1.332507 0.01 1.8 9.3 -7.4 3.3
KCI 1.332495 0.01 13 5.7 -10.5 1.7
MgCl2 1.332478 0.005 0.61 2.0 -7.8 4.7
CaCl: 1.332513 0.005 0.89 5.2 -10.3 3.0

Surface plasmon
wave

Fig. 2. 23 Schematic representation of an electrical double layer in an ionic solution at
contact with a gold surface. The electrical double layer may enhance the sensitivity of

the sensor due to the concentration of ionic species on the gold surface.
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AWFFNZIBNT, T T A SPR U —oEttiElbEZ B E L, ZREFICELDINEE
FOMIEZAT D Z & TINEDR—2T A 3228 L L SN s B L, fEk k0 &/h S 720k
BEAL RO UAEICE L o @A ER L. ZoRBREaSnctr—EED
PEREREAMT O 72 DI K FED T v 2 — VISR 2 A TRIR A O JE 2170y, 1.32630~
1.35943 RIU O R HTREPHICIBVT, #5X10-5 RIU OJEIFTRE(b 2T 5 2 &35
Motz REFEREOHERDH T Ak SPR & #— & DN S, § 450 E MR LN FER
S, AMIREDN7 74 /3—8SPR BV —LRFEOHETHL I ENghoTe. Fo,
BONTZRET — 2 L0 5 ZeHR LR, AF 7 2 SPR o4 —I3f 1xX10°5
RIU TH Y, EALSN TV DEMEROT v BRI E RS TH DL 2 BTz,

FERRRIEME LT, B2y ) —/VIREOBERHI S 250 21T > 7o/ R, 3 FifED
T ) —)VIREDOBEENZ BT, £ 0.2%, viv DIRE TH 5 HERA DK 250 1 X104 RIU
DJEITRIEA % FEREH CHIRISHEITE D 2 E oz, LEBR-T, AH T A SPR
TP EEIIRERICB T D MEEE =4 U o S ~OISHAR I TE S,

NaCl, KCl, MgCls, CaCls D /KK DI 21T - 725 R, 2X10-5 RIU LU T DJg
b ERHTE . ZOREIEIARE U — ORI O 72 DIZIT o 72 7 /v 3 — VIEIR DR
HIRF OHRIE TH O NTFE RO 2.7~T7.9 (577 > 72, [FIRRICREE & HfifREIX T n2h, 1.4~
2015 & 2.8~bAGDENHFEHNTZ. ZOBEL LT, @A 25 LKBKORNEIZE
WTIEETFHEOT Vv a— L &38R, BT Ake o —0GNE Th HeRmILE T, &
WK OABEBEFICL2BR_ERBAER SN TNDEEZLND. TOME, RAKA
HRR P E XY IS ET 20, BROEEVPER SN ORI IR A 4
WEFR LM S, AREY bEEEICHRHIhEEEZOND.

SPR E P —IZ XHAMEWEDOERESHT, Fo&BERORIEMCRINEOKEIC K
HBRMEDF HICB N TIE, TOMRER LA LD BVWEREZ B0 LT ND. AHFFEL
FITER &Sz E N LED & PD % HW 250 EERIER 047875 7 7 AFE SPR &
P—IEEOENTESAICERT 5D THS.
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DIERHEDOT A VR A[RE L 72D, T 7 A N—KRET 7 XE VHLIBSPR) BV — 2 X
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BREZEZTOIMEN L TV LEBOFERITKFEL 979, &LEPRBIASHNLEAT
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Fig. 3.1 Schematic representation of the experimental setup of the Au-deposited SPR
glass rod sensor system, comprising a light-emitting diode (LED, emission wavelength
of 654 nm) light source, a mini-spectrometer detector, and a sensor cell containing a
sensor element with a sample solution at a constant temperature of 25°C flowing
through it. The sensor elements are Au-deposited SPR glass rods with diameters (D) of
1-4 mm, deposition lengths (Z) of 10100 mm and film thicknesses (d) of 30—70 nm.
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33 HEmIINEDET IV
BIBBENT 7 A =t P —DINEDFEIT Kretschmann BE &7 7 A S—HNIZ
B FHBREDOREEFE LIZETMIIESN TS, 202 Lk, 7 X L0FH
W IR R EFF ST T 7 A N—THDLEMETE LD THDH 9749, &, R, 4§,
TNI= T LERKE LSRR EYLVTE—RET 7 A R—12BWTY, FE L1
FEDMIGE OFHRICHE LTz 5395975960 Tk 2 X, Fig. 3. 2 \ZRT K 9, &GN T Akt
Y —IZOWTHRERIZ, FAERE 7 U R A(H T ARIGEREEIOED 3 7 L x
NWEXERET S.

Reflected Light
P R(9)
Glass Rod (p) | —7
Au Film (m)
Sample (s -
ample (S) Transmitted Light

Fig. 3. 2 Schematic representation of a meridional light path and the reflectance
(R(#)) at an angle of incidence ¢ in the Au-deposited glass rod sensor based on the
Kretschmann configuration of a glass rod (prism) (p), a gold film (m), and a sample (s).

The reflected and transmitted light are represented by solid and dotted lines,

respectively.

HDONHAZE 6, p-& s-REDNDKHFE RET DL, 37 LANVEXTUTD LS
I2FRE N5 39743)45),
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R =
1 + rpm rms exp(2i Kmz d) (1)
ZIZT, plMtITxH LT,
Kpz &m - kmz &
lom =
Kpz &m + Kmz & | @
Kmz & - Ksz &n
ms =
kmz & + Ksz &m 3)
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s Gk LC,

Kpz - Kmz

fom =

P Kpz + kmz | @)
Kmz - Ksz

fms = Kmz + Ksz , (3

)] .
hz=7;/&-8p$n@
(J = pa m7 S)7 (4)

Liph. 22T, TURAH T AR, @EEE, WEHIEELp, m, s TRLTWD.
om & rms IXIFNENT Y X LEJE LSRR HEICHK T D IRIBINETH D, o ITHAK]
DFEEBFRTHY, ke TEAR 2B 2R mICK L TEREFROEERY N mThsD. d
XS BHER, o ZASEOMIRENS, cldtiEERT. 7Y XA LRHEOFERIIRXTE
b,

ei=n2(j=p,s), (5)

I TCTme n 37V RLEREBIOBITRTHD. 7 7 A X—D a7 EOEZEZRER -8
LD (22 3104 Pa, A& HE 0.2~0.6 nm/s) TH 5 Lin 5 202 L » THA Shiz
658 nm (BT B L HEDOFHEE RO (em = —14.65+1.351) Z AV /=. 654 nm D H T AED
JEHTER (p=1.456 1T DN TIE, > 7= YD Web ¥ k 2 TAR STV D TR A 4
T LV RDTHW .

LED OB8FEENAR, Y7 7 A SN—WNONEE, T A EO&O Wi 7k & OV 7 [ O RS
DHDER ST, ZNDHDOEHEEN T At o —OIRE I T 2 EERFH RO
F A —H % Fig. 3. 3 ITHRATTR LT\ 5. T ARRIGZHH S 872 LED 75 O
01128 DL DAL 2 IRBIETITEL L, B4 20° THEED 50%I1272 25 & RE L7z,
SRE T(O DXL FTOXTHZ 6N 5.

50 2

|((91)2100—W 1’ ©

T T ARED NFHIZ I T B I DRI W TR, FHEITH L THEDO AT DN ST 5
WU, H T AE~DONDOANNAHFZ LED OEEG mm)E H T 2 LosEEORE S
(Fig. 3. 3@ BEH L7-. &I 42=0~180° DHiPHIZIB THRAME dmax D EATFHY
7234 B R T 4 (Fig. 3. 3(b)). &L %7~ Fig. 3. 3R LIz &k 91T, HKEHOKAE
TR & O BB k9 2 il 5 1 O BRE 54 b FE> T b,
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B @ 1122V T 0.2° , FUlMA 6 2125V T 0~360° O#EIPHT2° L DIIKIZE -
TR R TR R AR L2, RIS, o —WNIZBW T LED 225 D4 0 1 2 £
OHDEEMFTOWEN 601 Z LICHHE SN pRit s s IOV TRRSh, 027 ¢&
IR SN, 2D 07T Mathematica 9 IC k> CTF v s T A&, Higdhies LT
XR STz,

(@) Intensity / %
0 50 100

o

Emission Angle
6,/ deg
N
o

R,(6))
! S El
LED R,(6) ensor Element

|H| 5 mm

(b) %)
&,
100 mm

©) 50 mm | ‘

d,_5o = 45.0 nm

130 mm

Fig. 3. 3 Schematic representation of the parameters used to calculate the theoretical
response curve of the Au-deposited glass rod sensor. The LED intensity distribution and
the range of the angle of light incidence ( #1) into the sensor element (a), the geometric
thickness (d) distribution of the Au film deposited on the glass rod for the cross section
(b), and that of the length (c) were considered for the calculations.

33



34 FREBE

Fig. 3. 4 IFEA 2 mm DEAREN T At P —IZBWT, ZERE S 100 mm TEIHEE
25 30, 45, 70 nm DA O JEPTREIPH 1.327~1.431 RIU (x4 2 EBREfRThH 5. W UK
TEOHERHR B R LTV D . B OMRE 2 (A & 7 — /WRIEROJEYT 1.327 RIU T
AL TS, TXTOHAEICEBWT, ®EITRICBT 2B I THEGm o AR x
7o TWD. FEERIIFRICIWTIE, RBHESTRR T T 2O Er=(n, = 1.45619) L ¥ K
WA R FONOREFEZT T 1 L LTWS. L, a7 aBiHsEi-tr 74
N=ZHBWNT, JEITE 1.45619 K VAKWEEILT, JEITROEII - T 23 iR 4
(2R LT 527595758, BB R HTERIZ 72 B I DAL CERME DR DS/ N & < 72 5 DI,
LED &5 7 2B L DHOTNITERT HAFTAOTNTHL EZEX NS, iz, HTA
s O A SN Z SICERT 2 AR AT, BT ABEFICEIT D MO RGELRHE
BOAEEE DB X bLD.

Experimental Thickness Theoretical Thickness
i g) / nm i g) / nm
i L2 n 14
Al | 2l |
st 1.385 i 1.388
g_w g_ \/45
: 1.370 3l 1.370
Z O\O\%M% Z \/70

[0:2 4 359 02 1 360

| | | | | | | | | |
1.32 1.34 1.36 1.38 1.40 1.42 1.441.32 1.34 1.36 1.38 1.40 1.42 1.44
Refractive Index Refractive Index

Fig. 3. 4

Au-deposited glass rod sensors with a deposition length of 100 mm and film thicknesses

Experimental and theoretical response curves for the 2-mm-diameter
of 30, 45, and 70 nm. The experimental curves were obtained for methanol solutions of

ethylene glycol, which were kept at 25°C. The Au film on a glass rod has a geometric

thickness distribution in which the maximum value represents the thickness (d).
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F2hk & BEm > SPR HAUTR R T 2 e/ MEITBEE R K & < 72 512N TRIEHT M~ &
7 MLz, ZHUTEEEN T 7 A4 3 —k P —L[E U Th 5 560, [EEE 30, 45, 70 nm
\ZB B E RO/ IMEDJEITRIZENE I 1.385, 1.370, 1.359 RIU TH Y, [[A UHKMFOH
ARfEIE 1.388, 1.370, 1.360 RIU T& 5. Table 3. 12 30, 45, 70 nm (Z351) 5 FBr & HFH O
MEDIRITER, JRZ, HEEEWHM 259, 68 3 MEIZBT 2B ORE CTHh
D, EAVNESWVEERERIGE L 2%, FWHM 125 O fie KAE D 245 O BE 0D 524 i # D g
Zad. Lin 6 20 Lo TR S G FHEERO I L EHMOBRAILETNENE1% & +15%
T 5. Table 3.1 DAFEE 1%, FEBRMFRICH L OEERZEL2R L TR, BEmihiic
BWTIHBOFHEROREICER LR REEDO 52T LTV 5. BREmh# o /I ME
DALEDFRZED R KAEIF+0.001 RIU TH 2 & RFES Hiviz. EERERR I T 2 Rl S 1%
+0.003 RIU Kiifi T o7z, L7edi> T, TXTOHGmOR/MEDOEIZFERD L LiRE
WTEL —E L. BERROISEIC OV T, 30 nm ORESRMA 2R KR E RS —EH L.
TR T OB MFR O IR L R SO BB O ZN LD b/ EhoTe

Table 3. 1 Refractivities at the minima, responses, and full-widths at a half maximum
(FWHM) in the experimental and theoretical response curves of the Au-deposited SPR

glass rods with various thicknesses of Au films obtained at a wavelength of 654 nm.

. Experimental curve Theoretical curve
Thickness
(nm) Minimum Minimum
(RI unit) Response FWHM (RI unit) Response FWHM

30 1.385 0.70 0.048 1.388 0.82 0.036
45 1.370 0.76 0.039 1.370 0.77 0.030
70 1.359 0.84 0.031 1.360 0.83 0.027

Uncertainty =0.003 *=0.04 =£=0.002 =0.001 =*=0.01 =£0.002

The sensor elements are the Au-deposited glass rods of 2 mm in diameter
with a deposition length of 100 mm.
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Fig. 3. 5134 7 ABBENERE 1, 2, 4 mm, ZERE X2 100 mm, [REED 45 nm D475
T AR o —DEBREHBONEHHRTHS. 1 £ 4mm OEBRFRIZF U LEDGEE
HE 654 nm, £©— 71§ 25 nm) TZNEIZ 7 + ¥ A4 4 — F(PD, Hamamatsu
S2386-44K) iRz Wb D TH D 60, PD NS DOEE / A AMERAHD 4.7 uF o=
YT U= WENCEHE LT 10 kKQOIPLAE W TEEICERL, TIOXNAVIALT A—H
(Yokogawa 755501-1)Z IV CHHIE S 72 60, 2 mm ROEREN T A oV — AT L
DINE R OFMEE FWHM 1E, ZHEIC I =00 E V72856 TEV AR 60,
DAY FVERIERE & 8 nm) bISEICEE L 5 2 e ho T,

T AL, 2, 4 mm OF Y — O/ IMED EITRITEREL 1.375, 1.370, 1.363 RIU
ThHY, PEERMEA 1.373, 1.370, 1.359 RIU TH 5. BEHMOFEROLERIZOWNT, —E
DR a2 72 NI TEBRA~AS L2854, SPR ILEA ITHEI O B TR ORI
o THFIZHD T2 60, Z ot o —F ORI TR RFHEN G, AFHLOAERIET
T AR 1, 2, 4 mm ORFIZ 86.1~89.8, 82.3~89.6, 75.3~89.1° & RiEH HiLd 60,
ANEE DR A JE~DOENNTARIET 2T SPR &3 < 60, L7122~ T, £ #HigthiRofk
IMEIXH T ARRBEDSEEINT 2120 > TIRBITEMI~E v 7 T 5.

Experimental Diameter Theoretical Diameter
B D, /mm 12 / mm

| @ 1(PD) | O 1
_-W ,_\l/
_\/

I
1.370
- 4

_W i \/‘\
 Jo2 1.363 o2 1.359

| | | | | | | | | |
1.32 1.34 1.36 1.38 1.40 1.42 1.441.32 1.34 1.36 1.38 1.40 1.42 1.44
Refractive Index Refractive Index

Normalized light intensity
T 1
Normalized light intensity
T T

Fig. 3. 5 Experimental and theoretical response curves for the 1-, 2-, and
4-mm-diameter (D) Au-deposited glass rod sensors with a deposition length of 100 mm
and a film thickness of 45 nm. The experimental curves were obtained for methanol

solutions of ethylene glycol, which were kept at 25°C.
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FBR & BSR O fe/ IME O R ER, )52, FWHM % Table 3. 212 % & 7=, #Hin o FWHM
XEBRAA TV M & 72 o 7223, B/MEDJEST=IF+£0.004 RIU TEHHTRL —HK L.
Fehi & R OB/ IMEDALE D B —80E, JEEET /L E TR L3R FIEO MW 5 A
OBV AT AICHEEL TS ZEEZRLTND. LL, 4mm 7 AHBOFRERIC
SONT, FRITEMEG1.41 RIDOREISEOAAE LTS, 2T 4mm VT AEOE
F—MMh DT o — & ARTNS A AFIPAZFFO7290, 4 mm O 7 ABROLAET,
7T AR LB DR LY /NS BRARADNORNDORELR Z T DD THD L
EZ TS, L, 4 mm AT AR —OEBREHBIZIZ DX ) RBEENR AL,
ZDOMBEDEFEWTELH SN/ > TWRNWD, EEOANAZKENEROZNL D Pk
WD T2V EHERIL TV 5.

Table 3. 2 Refractivities at the minima, responses, and full-widths at a half maximum
(FWHM) in the experimental and theoretical response curves of the Au-deposited SPR

glass rods with various diameters of the glass rods obtained at a wavelength of 654 nm.

Diameter Experimental curve Theoretical curve
(mm) Minimum Minimum
(RI unit) Response FWHM (RI unit) Response FWHM
1 1.375 0.68 0.060 1.373 0.78 0.029
2 1.370 0.76 0.039 1.370 0.77 0.030
4 1.363 0.85 0.039 1.359 0.92 0.034

Uncertainty =0.003 *=0.04 =£0.005 =£0.001 =£=0.01 =£=0.002

The sensor elements are the Au-deposited glass rods with a deposition length of
100 mm and a thickness of 45 nm.
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Fig. 3. 6 1% 2 mm RO4EE T 7 ABRITE W, HE 45 nm TAE R S % 10, 20, 50, 100
mm [ZE X 72 5AOER EHEHROMRTH S, 10, 20, 50 mm DR R X 0I5 ILRTIR
DO PD ZZHERE LTHN LD THS 60, Fhr & HimO R/ MEOJEYTER, 6%, FWHM
%Z Table 3.3 1CF & 7. AERINEL RDIHE- T U —NERICE T 2 K HHRIEL AN
25120, B —DIEENKEL 2o TS, 10, 20, 50, 100 mm K5 R SI2BIT 5 £
H O/ MEDJESTRIZ, ThEh 1.365, 1.366, 1.368, 1.370 RIU TH 1V, ZIUIHET
%R I, 1.367, 1.367, 1.368, 1.370 RIU Th 5. #K#EFK & 10, 20, 50, 100 mm O
A O#IPHIL 82.3~88.6, 82.3~88.9, 82.3~89.3, 82.3~89.6° Th 2 60, AHFREX
DN & B A AOHEIMIT/NE W, Lo T, s/MEDEITRIL, REESHHMZS
WS> THhOTNCKREL oo TV D, BEEREIHRO FWHM (XEBRETMROZ 0 B/ S0,
B/AMEDJEIT R LISEITHER E ERVEL —HLTWD. ZOF/MEDNE L IEED B
—HUTE, RICEETT NV EFHEFENHEU THLZ AR L TN,

Experimental Length Theoretical Length
25 mm L / mm ~  25mm L / mm
[4—’\‘—»\ ] [4—’\‘—»\ ]
B 10(PD) B 10
- oo H O H L \|/_
[
%_ 1.365 %_ 1.367
ol 20(PD) AN 20
“— += |
=10 | o 1.367
=18 1.366 50(PD)| sl 50
E_Ekﬁz\m\fkiﬁj}4}4}{rﬁkm 1 | -
ol | ol
2 1.368 100 z \1'368/
0.2 | o2 |
_I 1.370 —I 1.370
| | | | | | | | | |

1.32 1.34 1.36 1.38 1.40 1.42 1.441.32 1.34 1.36 1.38 1.40 1.42 1.44
Refractive Index Refractive Index

Fig. 3. 6 Experimental and theoretical response curves for the 2-mm-diameter
Au-deposited glass rod sensors with deposition lengths (L) of 10, 20, 50, and 100 mm
and a film thickness of 45 nm. The distance from the end of the glass rod to the end of
the Au film was 25 mm. The experimental curves were obtained for methanol solutions

of ethylene glycol, which were kept at 25°C.
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Table 3. 3 Refractivities at the minima, responses, and full-widths at a half maximum
(FWHM) in the experimental and theoretical response curves of the Au-deposited SPR

glass rods with various deposition lengths obtained at a wavelength of 654 nm.

Experimental curve Theoretical curve
Length

(mm)  Minimum Minimum
(Rlunity Response  FWHM — p/iniy

10 1.365 0.97 0.040 1.367 0.97 0.028
20 1.366 0.93 0.037 1.367 0.94 0.028
50 1.368 0.83 0.039 1.368 0.86 0.028
100 1.370 0.76 0.039 1.370 0.77 0.030
Uncertainty £0.003 =*£0.04 £=0.002 =£0.001 £=0.01 =0.001

The sensor elements are the Au-deposited glass rods of 2 mm in diameter
with a thickness of 45 nm.

Response FWHM

GAREN T A P —DIRED RS I 2L — g UA~DISHDOHICIE, &b
BERNTA—ENMTHLINERDILENRS SH. LED OMRES) ﬁkﬂﬁﬁ®ﬁ7x%@
TR R OBERESAA TR R ICB W TEER NI A =X THDHLEZEZI LTV DHNR,
JISEMARICB T2 26D RT A= 0BT, EERICITIEFIT/NE N E235020, Lin
5 2DOFHEROFRZEITHNRT 2 R MR O ERIHIC A>T LE 9.

Flg. 3. TIZH T A LED 45 nm OEEO&FEBRIZI\N T, Wik 7 1m O REE O 5347 12 B3

HERHIARZ R, T ARORESEERSIIZN TN 2 mm & 100 mm THD. 75
A%Eiﬁ7%%hfﬂbﬁﬁfaA%ém FHE®D), (©, DBRENTHDOEESHERIC
xf LTIz, T Ak BB R4, ()7 45.0~0 nm, (b)7} 45.0~39.0 nm,
(073 39.0~22.5 nm, (d)7% 22.5~0nm & 72> T\ 5. FHinihirb) oK/ MED ErE%, B

fr@ & B<—% L. oL, B & @0/ MEOEITRIIEML TH v, ik
BIXFH< o TWie, ZHHDORERNSG, BRBEEZ R lo SIS IR b EER K
HERLZLTWDZERHLNTR -T2, LvL, @O, RO S
FRMD LEGLTND I ERNEZLND.
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Cross Sectional View Thickness

- (@) Response: 0.77

FWHM: 0.030

FWHM: 0.024

1.367
(c) _
Response: 0.90

Normalized light intensity

I
1.377

Response: 0.97

(d)
Jo2

FWHM: 0.033

of the Glass Rod Distribution
/ nm
@ 450 — 0
30°30°
%z 39.0 — 225
307 30°
30/4"’% 300 225 - O

1.32 1.34 1.36 1.38 1.40 1.42 1.44

Refractive Index

Fig. 3. 7 Theoretical response curves of the 2-mm-diameter Au-deposited glass rod

sensors with deposition length of 100 mm and a film thickness of 45 nm. The deposited

Au film was divided into three parts on the glass rod and the calculations for (b), (c), and

(d) were carried out for each deposited Au film. The thickness distributions on the glass

rod are (a) 45.0-0 nm, (b) 45.0—39.0 nm, (c) 39.0-22.5 nm, and (d) 22.5-0 nm.

40



35 5

RETIE, 11D 3 7 LRVERLE L —OKAFEIIREZ B BICANZFHEIC
LV, BEESAR A HeIEE T T AR SPR & v — DI i & 3R 2 Bz ik a1
IRUTo. Ba REE L EER SR &KE T 7 Akt U —OIE RN FHE S 1,
ZORIARENERER L B —HT 22 L 21O, B —8EICE, HHE LT
LED(654 nm), ZY:Hbe LT =0tanz VT 5. Wi 5 ) 0 7855 A s o0 52/ A7
DHFHENRE P —DIEEIIK L TCKENTH Y, B —DIREREE2 R T 5Ic% -
THROLEERNRTA—LZTHDL I ENDIoT-. RRIEE %2 & T &I S A R 2 )
Dl bEEREEEZRZL TS, LL, &FEOEOES S 7230720 b4 ih
MO @RI EE2 52 T\5. Lo, LED #ESA & H T A% EO&EEOF
BROT B DOBEE AN EFHEIIE & A ERBN 2. B AR O R X EZBR iR o =
EOH/NEDSTZD, TRTOR/MEDIEHTER LT LA EDINEDORE SITHGHRAIHT & B
<=L, ZoZllE, 3E7LRINVEXREANDL LT, &5 T A SPR £V
— DIERHE L VERRA B L DO HAMICHER TE 5 Z L 2R LTV D,
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DFEER L R EBI AL L T 53 0B O JREHT RIS RIS U 72 St D A A HIG RN 4 i
CTHETHS. ZOBGERM Lz 3B ITRICH L CORIRET D720, BN
PEZAT BT 5 HENRS K OMEFZIZ L > TRALNTE 090715, 20 HikE, Hul
PUARISZFIT 2 b0 V901 RIEEROS AR T 56D 10, 44 757 L&R/A
> DESRIERSUS 2R3 5 & 0 1013, RS FR Y v —ZFIH$ 5 6 0D 9915, FEREA~
DT OPEEEFIRAT 20 WE, ZiIKIZbl->TWS. LnL, AFbFa7a M A
TERMZFIH T BTN RN, FaiR < ZERBRENRCEETVND.

7 7u AF1600 & AF2400 %, 2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole &
tetrafluoroethylene ® 7 % AR MLEERTH Y 10729 NI FHNTAF Y —/La=v FD
eI EMIE LA L 1D, PR 3I~8ADMMIL AR > THY, TOOTHEWY AFEME
Z g 18920 Kurauchi & 2933 YU /AR U BE= 0T va—WREEEZT 7 a2 AF1600
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Fig. 4.1 Schematic representation of response principle of Au-deposited SPR glass rod

sensor coated with o« -mercaptoethyl- w -methoxy polyoxyethylene (PEG thiol) layer and
Teflon AF2400 overlayer. Small molecules in the sample solution pass through the
porous structure of the Teflon AF2400 selective layer (approximately 12 um thick) and
accumulate in the PEG thiol spacer layer (approximately 13 nm thick). The
accumulated small molecules are then detected selectively and sensitively via the SPR

phenomenon on the Au film deposited on the silicate glass rod.
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Afyo B— 2 D 84.0 eV ZH\ /=, SEM F-E(x E-SEM XL30CP (Philips, Amsterdam, The
Nethlands) # W CTHIEEE 5 kV THIE L7z, @#BICHWIZ ANy X a— XX
SC7610(Quorum Technologies, East Sussex, England) C& 2. &FmIZHBIT 5K6G0 1)
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Fig. 4. 2 Responses of Au-deposited SPR glass rod sensors during adsorption of PEG
thiol on the Au films of the sensors from 0.05 and 0.1 mM ethanol solutions. The
transmitted light intensities of the sensors were normalized relative to those for ethanol

at 0 min.
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47



AT OLA & ik LT < 72 o7z, PEG 4 — VSRR O Au 4f O ' — 7 [HAE O R Xt
FRE(0.0250.014)7° 5, 5 6 O NFE F O IEFIEEY) B H1TH(3.8 nm) 49|25 T PEG
FA—NAR—P—EBOE I 13 nm ThHd EitFEINTZ. PEG T4 — L EDOEIN
7/2 helix #5&E 5 RS 54172 30 nm LV L EWEH L, &FmD PEG 74— V@0
faE B2 T U H DI HEEIC o T DT ThD EEZLND. &ED PEG F4—/1
DY ) —VIRIR~DIREIC L D KA L, 74.622.4° D 16.4%+3.3° L/hEL 7o T
BY,PEG F A — /W BE&FREIIBIKMED AR—Y—@ETEK L TW\D I EREND L.
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Fig. 4.3 XPS survey spectra of Au films deposited on slide glasses before (a) and after
(b) immersion into a 0.1 mM ethanol solution of PEG thiol for 60 min. Water contact
angles on these Au surfaces are also shown. The C 1s and O 1s peaks of the adsorbed
PEG thiol were observed, along with weak Au peaks. No peak was observed for S from
the adsorbed PEG thiol.
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Fig. 4.3 ) 0 1s & C 1s ® XPS 27 kL% Fig. 4. 412579, 0 1s A7 F L1 533.4
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FA—=NAD 0 1s BE—271F, 533 eVIZHND Z LR ME SN TS 4D, & LI\ T
LD Gy F 1 & ol PEG 4 —/v D Cls A7 hLiE, 286.5~286.8 eV & 284.9
~285.0 eV IZ DD E—7 ZR§ 49740, Fig. 4.4 O XPS A7 huL, &Fm Bk
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Fig. 4. 4 XPS spectra of O 1s and C 1s for the Au film deposited on slide glass after
immersion into a 0.1 mM ethanol solution of PEG thiol for 60 min. The spectral line
shape of O 1s at 533.4 €V is symmetrical. The C 1s line shows a strong peak at 286.9 eV

and a very weak shoulder at approximately 285 eV.
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7 71 AF2400 #4755 1 7 AFE SPR & > ¥ — O SEM HE % Fig. 4. 5 (TR
. &l PEG FA—/VEIIHTE 5720, ZOTETRENITLIZ LIXTERy. 7
7urp7na Y — MNERSOREGZREOEHEIL 5 BITH L. EERIZERICHWERD
Y —OWE O 27 #0> SEM TR HEE LIz &R EoT 7 o o R REEREIL 121+
3.1 um Thotl-. LIEN-T, 770 @L 1 ROBERTRETHN 2 um OEI|ITR
L. REGERETEN 5 BERWMORE, Z7Vva—A2WIN LT 7 — /L KEERIZ K %R
IZBWT, +oR@BRENE LR -T2, 2T 7o v EEOER AR5 Th o,
B2 ENTETNWBEEZDTHDHEEZ TS, LEN-ST, At —lcBW\WT+497%
DA RERME AR - 72 AF2400 JEDOE ST 12 um DB THLZ LB gnoTz.

4000x

S HUm W

Glassrod  Teflon AF2400

Fig. 4. 5 Cross-sectional SEM image of Teflon AF2400-coated Au-deposited SPR glass
rod sensor. The immersion and drying process cycles for application of the Teflon

AF2400 solutions were carried out five times. The SEM image magnification is 4000X.

Fluorinert: FC-77.
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U FIBRIC K D A=Y —J@ 4T LT-T 7 v > AF1600 #7847%% SPR Y7 7 4 N—t
Y —IZBWTH AN, ZOHMMOREIL PEG 54— /WL XD A= —FDE5H
LB L TN E o Tz 2B 0fERN S, PEG 4 — 1 (MW=5,000) A ~*—%—J& % SPR
BEZ2FMT 27 70 B AENT T ABRONT 74 S —& P —ITB W TRE D
BRICEHE R EI 2 Rl 2 L 3o,
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Fig. 4.6 Response curves of Teflon AF2400-coated Au-deposited SPR glass rod sensors
with and without the PEG thiol spacer layer to aqueous ethanol solutions of various
concentrations. The intensity values are averages of six measurements for three
different sensors for each concentration and the error bars represent double the

standard deviations. Fluorinert: FC-3283.
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7 Ak SPR t oY — D& IRIRED T X ) — L KIE (%, vIVIZ% 5 BB 722525 dh i
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FEITEA INICZE(L LER YD, BEBEAMNS 5 SLINICLE Lz, B — 0@ ix
AR IR L TR0 E 2R L, ZOIEEL 5 SUNICLE L. &REHN T A
HEIZB W T, AF1600 SIUEE 056 (RE R 156 47, #EREIE S5 25 1 m) 49 & Lk
LC, AF2400 #EREE OHEIE, @O AGEEME & O BIEE) 12 pm)D7=9His, K5
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Fig. 4.7 Typical response of Au-deposited SPR glass rod sensor coated with PEG thiol
spacer layer and Teflon AF2400 overlayer to aqueous ethanol solutions with
concentrations ranging from 0 to 50%, v/v. The samples were changed every 15 min.

Fluorinert: FC-3283.
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4 +3+5 PEGFA—/LLtT 71 AF2400 THTE LT-t& v ¥ — ORIRBY S A R
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ThHY, Tt —ELHNOREINERICANBRDLDOICET LM THSL 9. Zh
2%t L, PEG FA— N AR—H—@LTFrasf@riol-tr—@II=x /) — L KIEK
DDORITIEE LTS, ZHUTKEZF ) =D X D) R/INERSFDIHINT 7 1 B
EHEBL, &FiE LICERK L7 PEG FA4A— L A—H —@ICEHENTNDE I L2 R LT
WD ISERRNITK 5 5 TH Y, ZIUTREINT 7 e U NIZIRET D OICET HHEHTH
L. ZOvyY—ITET 5%, wiw DA X —)b, 1-Tasx)—), 227 as ) — VKR
WZHIRETDHZEDNmhroTWD. ZRODFRREY, LT Vv a—VDRNT 7 L YE
EEEE L, ST a— G LN R oTz. KEBAICERT 0705
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Fig. 4. 8 Typical responses of the Au-deposited SPR glass rod sensor coated with PEG
thiol spacer layer and Teflon AF2400 overlayer (a) and unmodified Au-deposited SPR
glass rod sensor (b) to 5% w/w aqueous solutions of glucose (5), pentaerythritol (4),

glycerin (3), ethylene glycol (2), ethanol (1), and water (0). The samples were exchanged

every 5—6 min.
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J =KD 2% L FORAET—H L. Lzn->T, PEG FA—/LA_—H%—Jg &
AF2400 #iBJE Z Fio 7= oV —1%, 6 » H ODEMITOTz o THRK 2%LL F DR TR %
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Fig. 4. 9 Typical responses of the sensor coated with the PEG thiol spacer layer and
the Teflon AF2400 overlayer (a) and the unmodified Au-deposited SPR glass rod sensor
(b) to aqueous ethanol solutions with and without addition of glucose (5% w/w). The
represent the aqueous ethanol solution concentrations. The unmodified
no selectivity to the various aqueous ethanol solutions and simply
refractivities of the samples, whereas the sensor coated with the PEG
thiol spacer layer and the Teflon AF2400 overlayer (a) shows its selectivity to the
aqueous ethanol solutions and responds only to the concentrations of the aqueous

ethanol solutions. Fluorinert: FC-77.
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Fig. 4. 10 Typical responses of a fresh Au-deposited SPR glass rod sensor coated with
the PEG thiol spacer layer and the Teflon AF2400 overlayer (a) and the same sensor
after storage in a vacuum desiccator for six months (b) to aqueous ethanol solutions
with and without addition of glucose (5%, w/w). The transverse axes represent the
aqueous ethanol solution concentrations. The responses of the aged sensor to the
aqueous ethanol solutions with and without glucose interference also agreed well with

each other within a deviation of 1%. Fluorinert: FC-77.
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4 -3 +6 ZKHEEEBEEEDOHOT

WEROEEE O & ) — )VERORIEICIE, RS OLEZ G LA uuEze 5w
7O FRINDND., 22T, 2O —FFOFEMM & FEZESHT~DIGH DFEFED 7=
WIZ, AL OESEEO X ) — VIREOBEHEE Z A 7. WECRNTE, =%/
— VKRR DI MR 2 R EfR & LT, B & O PEG 74— /L A —H—
Jg LT 7 mr AF2400 WA -7k —Z2 AV, WEHEE 15°CTHIE L 72 BEnt
(shochu), H A& (sake), 1V A > (white wine), 7RV A > (red wine) D= % / — LI FE(ABV)
% Table 4. 1 1277, JEREOMIX 5~6 BIOWPEN /LN FHETHY, FEOR
e ST 1.0%ABV Th - 7-.

BEEt O = & ) — VIR O IIHE B E 0GB r»b b K L. ZhiE, EEIh
TV DEER CTIXIFEMN E DD TL RN 52, REOBITRNIST DRED T X ) —
KRR ENFIER CIC M6 Th D, %< ORRBEBERE, v, 7707 —, U4 A¥
—, TX—F, Ut vH, TENIOWT, 0.2%RKiE DA TREMSHREN T At Y
— L7 v NEPFHC L DMERE CRW—EE/R L 0. Lo L, BEEEIIHECA SR 72
EDL L DAY 2B 7 5950, Z D DJEFTRITHIET DIREDOTZ ) —/LKERE D b
B2, EEAE Y — A W EEEE OWE TIE, JE ST ) — VREIL T
NOFRTRELV b RERMEEZRLE. T 700 WB Y —Tik, AVA SiZo0 T
Bz ) — VREOREMZ R LD, BREERT A AZONTE T L ORTRE
EHEMBORN—ENRAOLNT.. ZROHDOFEREY, PEG FA— N AX—H}—f@L T 7o
v AF2400 #BIE & R o 7o 1 7 At v —1L, WEMBFET HEEEICKS T2 =4 /
— VIREE DE N OTGRZR2BEIS LD FEEST~DHE AR AR ThH H 2 LAVRIE S L.

Table 4. 1 Concentrations of ethanol by volume (% ABV) in various distilled and
fermented liquors measured at 15°C by unmodified and PEG thiol/Teflon
AF2400-coated Au-deposited SPR glass rod sensors.

Sample Labeled Unmodified Teflon-coated
Shochu? 25 24.2 23.6
SakeP 1516 26.0 15.6
White wine <14 19.3 10.4
Red wine <14 24.4 13.5

Uncertainties of the measured values are less than 1.0 % ABV.
Fluorinert: FC-77.

2 Japanese distilled liquor made from sweet potato.

® Japanese fermented liquor made from rice.
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4 -4 HEE

PEG FA4— N AR_R—H%—Jg LT 71 AF2400 B8 4 £ - 1-4#K3% 7 5 ZA# SPR +&
Y=L, KEETONS R DmORIREZEZRE L2, B —i3 1 il
TV a— L ORREIx L TR RIS E 2R Lz, PEG A4 — NV A—H—EiTE P —
DIEEIZB W CIEFICEER2HEHE R L TWD. KEREST2IRA LREHATRIC
BWTC, =4 ) — L EKOBPI 12um OEZ DT 7 1 LRI O A FLEE 2% L,
#183nm DE I D PEG T4 — NV AX—H—BIZERM I, 5 o UINICA R T 7 Ak 12K
LTI L5 SPR BIGHZ Lo TR S LD, 7 7 12 AF2400 #RES7E
T AR o —1X, AF2400 O @O\ A FEEME & EOBEER) 12 pm)D7oHic, 77 nr
> AF1600 #E (R 25 pm)E P — L0 BISERH . o' —1X 6 » HOEH
[ZhTeo T, JE L BIRMEE 2% DIRZETHRFFCE 5. R LK OEEESEO T & / — VIREN
Ko —2AWCEHIESh, 2056007 VOXRGTBREL RS —H L. KREUH
— TR DS HE L BH O G A G ROMBRFE T CTH Y, 77 r PEEOR RS
R EMUMERILENE, BEWHGND, BET=4Y 7, MBHoS ok, B
DORLGE TR E~DISANIIETE 5.
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HHIE REE

kD SPR BIARIC IS o —3EiElE, BREOJEITRO B L 22 FREK
SHDOAHA, b LATERICERE L CTHET 2 HENAS ANHRTWS. RIF5EICE
WL, 20X 97 SPREEERICHE L 22 5 BEITRENRDO 7 ) X ACER K, R & 72
L= —=omu T o7 AR ER O E R EOE A WIS, T A, LED,
PD #3E@ERICERAT D 2 & T, Zfino/NLO B T 24 SPR & o —EE R A S LT,
W T A SPR & o — A EA O RAHI O SPR o ¥— L B0, FHiltOm
FEEREST 22 L CRITELHECTE 2MELHM O o —2EE L L TREI N, T
T A% SPR & v —IZBT 28513070 <, EALO =018 oY —PEREIR Rk 2 B
THMEDPARRTHD. D=, LLFOMREEIT-T-.

777 A SPR o —oOmEElLZ B & LEBEOR R 21Tz, Filcrk o —t1
EERL, (ROt —#EERIIMZ TSR EE=4—72 PD 2B L. 2L
AFHEIRO LED (2% U CHRELICERE S 4, R 2 g 022 MET 5. Zh
2o T, ZRNZ AWV THEELREDISEZ B L, 1RHYS7Z0 OR—RF 4 D%
23 0.4%7 5 0.1%LL FICHE SN, ZORR, IREOREED M EL, X0 RuNe @
RIALEET D 2 ENAREIC R o T2, F 727 DISERE & IRE R OB/ IMIEIE, AHBFZE
DT AEIEANLSBRIEZDRNGEKEN T At P —OfER LB/ LT

BEA LI P —REDFEFEDT- DI, =X 7 —)VKEER, RPN Tha—d R
Z ) —VIRIR, 2-7a X)) = DxF ) — VR ORI OWIE 21T > 7o, FaUBHEIRIC
BT, TNFIARI=4.8X105,4.5X1075, 52X 105 RIU OJESrRE (L2 Mmtd 52 &
MTEI. K, A% —), =% 7 —/LOJEFEITEIEI 1.332485, 1.326298, 1.359259
RIU L E S, JEIFREPE 1.326 225 1.360 RIU Ti% 5X 1075 RIU O RZE (L OHIE
MWTEDL T ENmrole. KIFREDINT 7 A /S—Z o SPR 2EE R OMERE & g LTz
Bt, 7 AR —XRBREOHETH Y, WEkDH T A SPR & v —HEE R DK
4 LU EDOMRETH D Z Lotz K —i@oERMARIGHE LT, 25 EDRE
FHZx= 4 ) — )V EREPIML TR DT H 7 — VIR ORBHATR & HlE LIS 2 0E LT
LA, TH ) —IVIEEER 0.2%, viv (ARI = 1X 104 RID) Z#BITE 5 Z £ N5 o Tz,

WHE L BEEDOEWDBINEICE 2 DB A WRT D72, KERTOERA A OR i
Ex1T o712, #EHZ NaCl, KCL, MgCls, CaCl: D/KIFHE TH 5. HIERKFE LY, ThEhA
RI =1.8X1075, 1.3X 1075, 6.1 X 1076, 8.9 X 106 RIU O HIRANE STz, [F UK Z IR
L Llem % 7 — VKR OR BRI ORE DFER & g T2 &, 3~8 G0/ S T34
fEERETE. ZOBLRL LT, BB TH L RmEE L HENARO R EIZBWT, &
HWIRKRHOBRECICLIER _ERBBERINT O LB OND. SEEI/KEIZE
WTC, @REOBABEFIZEVKPIET DEOREA A O K5 eEME N KT
RIZEE D, REKRIRIZBWTEEA A 3mEThH Bt —IZFETH DT
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T NEPTEREECHIE T 25813V OB el ERAR O BITREZWET D, LoL,
77 At SPR & Y —dOHIETIE, SPR BA0 @B/ S 5 o Ji r R4 2 Fe 7»
W57, BER_EEOAMIC K RBKER T D@ RA 4 NRETHFICER L, &
JEORITEEN LD KRESBHESND Z EBMAEDLEY, KO /NSREITRE(LEE
HCT&mLBRLE.

AR D SPRIGEIZDOWTIE, 7 L pVERE AW CE OIRE RN EERIICHE ST
B, REOEITR L LI, 7Y XLAORBITE, ARCOAE LR, &BOFERN SPR
DIEEEHAETHEODONRTA—F L L THETHDH. 7 LRV EXERANTEELET T
Z¥g SPR & v Y — DS &R 2 THIT 572012, T T AOME EICEE SNIZEDHE
A, BAEBDOREI L ZORESAR, 7 AROELR, 7 ABRNICART L0 MESS
i, LED OYBESMNEZERB SN, FEDNT A —2 LR U5 L5 IcEflsSh
7277 7 A#s SPR & L — D I S 7S R & BERETE D B 15 O LT R Hi R O W71,
B<—%HL7E fime LT, TI7ABOMNE EOSEBROBRIE SN Kb EE/R/ T A —
A THLZEN ol ZOZern, 7LV EXEZHWL Z LI 7 A SPR
Y — OIS E RO B R E 7 TR 0 FTRENE & A VD R S 7.

LK T T AFE SPR & v — DB ST ~DISH & LT, H T Ak v —FFIC PEG
FA— N AR—Y—fg LT 7 AF2400 EAEHET 5 2 LIC L HEFEOF GICET 5
MEta1T o7, 772 AF EITHSE L IFEREO T v X La R ) ~—Th v, IEFEmE
PR 3~8ADMIALAH Y, ZOMMILIZL D0 T A XD5L 0 pTFIcL -ty
P CRPWEE 5952 LN TEDH. & EO PEG F4— VOl L HOSEGHGT
BED TN DN T, BEAERT D &FK35 H T A SPR & v Y — D& & XBOLE T/ EIEXPS)
WLV BRETLTfER, PEG 4 — L A—F =Tt P —DEE R EIZR W CIERICHE
BB 2 Rl T 2Ny hote. T WEBORK E T OBEICOWCITERRE
T-EARSI(SEM) % FVCTHFZE L 7=.

77 1 AF2400 BIREHTE H 7 A4 SPR & o — DISEREORFIO =012, 1005
5T V3 — IV OKEEDORNEZEITT-. FDOFER, ZO7 7 a EREITKE 10T
NaA— DI EFHB L, 2L EOT IV a— I IFEE Uo7, BiERME LT ra—2A
BN SE T4 ) — VKR &, T 71 AF2400 ERIECHE L aRE N 7 A%
SPR > —%HOCTHEZITo TR, I hva—2zHRL =% ) —VREO D &K
THZENRTE., T7a BtV —ORMRGFICBT 2IGERHEOE(LEHRE L,
PARERI B U —DIREIL 2% DR A CRELZRFFCTE 2 2 LN 0aholz. S HIZHEED
ARBECREEHOT NV a— VRERIENFRETH Y, o8 & it ofiEz it Reo' o9
— L LCTEMICHATEDZ L 2FEEL

TIHDOHITEE Y, AFTRICRW TR Lo &KE N 7 A% SPR o —2E &1, AAF
REOWRDH T A SPR o — L0 b 4 S Eo/hERBHRR AT, X7
7 A N—F W= SPR o — L RS OMEREE TERIBENMTHZENTE. 2o
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717 A% SPR & o —DISE R Z 7 LAV ERE VWG R L Y FRITE, i
B —ISERMEOT A VIS TEL ZLDURIBR SNz, S HICT 7 v UEOPEIC K
v, SEEL R OKREL FER O —FF L LTHET LR TSR, £oT, &
7 A8 SPR & Y — 3R D A BEASHACR R A 2 O D & BN FE A~ T/ - 22 A 45
TE, AALEREZ NS Z LIk 0, BATORERME S 72 E~OFHRHIFFTE 5.

A

AWPZED FEfi & AL DPEDERITHIY, THEE L TITHRELOCIHRELZBY L
TR B R R TR O R H IR IR B OB LR LT, £1Km
OIFFENA L HEICEAL, BIA L L TIHREL JHiIEZIH Y £ LICERBRFERF P T
IR DO RAREHR & HRE B L HEARICRIEOMEEZ £ LET.

AR D DG, BYTERTREL2HY £ LB IhE, E-XHOeE
S IEXPS) & EBME FBBESEM) OB I L, ZWHhznwieZE £ LERERY:
BB BB SR £ o 2 — SR o T sk O AR EAIBEANIR R, 72 & N IEZF2ZE 0O
ERRICBILE A L B ET.
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