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Continuous syntheses of carbon-supported Pd@Pt core-shell nanoparticles using
frequency synchronized microwave reactor (Symwave reactor)

EJIEAN L, HEF 2, EO—2, HEFA L
[ EF5Hf 2, [E b, By L R

1. PEERTAAOMIET A7 vt AWEEM. 2. (B #9130
1. T983-8551 B IALE THEIREF X AT 4-2-1, 2. T343-0012 B EREVA T RFHEAR 1544-19

1. National Institute of Advanced Industrial Science and Technology, AIST,
4-2-1, Nigatake, Miyagino-ku, Sendai, 983-8551, Japan
2.  Shinko-Kagaku Co. Ltd.
1544-19, Mashimori, Koshigaya-shi, Saitama, 343-0012, Japan

corresponding author’, e-mail address : m-nishioka@aist.go.jp
— R~ A 7 RN, VIR R A 7 oai, ERE T, dEARk. T kT

Keywords: microwave reactor, single-mode microwave, solid-state device, continuous synthesis, nanoparticles

Abstract
Continuous syntheses of carbon-supported Pd and Pd@Pt core—shell nanoparticles were performed by microwave-assisted
flow reactor with frequency synchronized microwave (Symwave) devices. Pd nanoparticles were homogeneously dispersed on
the carbon support, and the particle size became larger as the Pd concentration increased. Carbon-supported Pd nanoparticles
synthesized by the 915 MHz apparatus suitable for mass production showed the same particle size as those synthesized by the
2.45 GHz apparatus. The synthesis of core Pd nanoparticle followed by direct coating of Pt shell was performed, and the
core-shell structure was confirmed by TEM-EDS elemental mapping. It was concluded that the homogeneous Pt shell was

formed by the evaluation of durability.
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Fig. 1: (a) Schematic showing of the frequency synchronized
microwave reactor (Symwave reactor) system. (b) Electric
field distribution depicted by simulation on the COMSOL
Multiphysics Program.
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Fig. 2: The photograph of the 2.45 GHz-type Symwave

reactor system.
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Fig. 3: Block diagram of the Symwave system.
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Fig. 4: Schematic showing continuous synthesis of

carbon-supported Pd and Pd@Pt core—shell nanoparticles.
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Fig. 5: Time profile of the temperature and the resonance
frequency during continuous synthesis of carbon-supported
Pd nanoparticles. The concentration of Na,[PdCly] was 4
mM. Flow rate 100 ml/h.

Fig. 6: TEM image of carbon-supported Pd nanoparticles
synthesized using the Symwave reactor. The concentration

of Nay[PdCl;] was 4 mM. The particle size was 3.8 = 0.8

Fig. 7: TEM image of carbon-supported Pd nanoparticles
synthesized using the Symwave reactor. The concentrations
of Na,[PdCl,] were (a) 2 mM and (b) 5 mM. The respective
particle sizes were (a) 2.3 = 0.6 nm and (b) 4.1 £ 0.9 nm.
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Fig. 8: Nay[PdCly] concentration dependence of Pd

nanoparticle size.
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Fig. 10: Photograph of the 915 MHz-type Symwave reactor
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Fig. 11: TEM image of carbon-supported Pd nanoparticles
synthesized using the 915 MHz-type Symwave reactor. The
concentration of Nay[PdCly] was 4 mM. The particle size

was 3.8 £ 0.8 nm.
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Fig. 12: TEM image and elemental mapping images of
Pd@Pt core—shell nanoparticles, where Pd and Pt elements
are displayed as green and red colors, respectively. The EDS
atomic ratio of Pd : Pt was 80 : 20. The synthesis condition
of Pd nanoparticles was as follows; Na,[PdCly] (4 mM) and
Ketjen Black EC-300J (0.1 wt%). The molar ratio of
Na,[PdCl,] : Hy[PtClg]-6H,O was 3 : 1.

Table 1: Durability evaluation for carbon-supported Pd and
Pd@Pt core-shell nanoparticles.
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Sample HCIO, concentration (M) component (%)
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Pd@Pt core-shell
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Synthesis of a 1-Conjugated Polymer via Palladium-Catalyzed Direct Arylation

Polycondensation of 3,4-Ethylenedioxythiophene with Dibromofluorene:

Effect of Different Microwave Heating Systems on the Polycondensation
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Abstract

Palladium-catalyzed direct C-H arylation polycondensation of  3,4-ethylenedioxythiophene with
2,7-dibromo-9,9-dioctylfluorene was carried out under oil bath heating and microwave heating conditions. The
polycondensation [Conditions: Pd(OAc),, PivOH, K,CO;, DMAc¢ (0.3 M), 1 h] at various temperatures (80-120°C) gave an
alternating copolymer, poly(3,4-ethylene-dioxythiophene-alt-9,9-dioctylfluorene-2,7-diyl). Although the microwave heating
was effective for the polymer synthesis, we found that the polymerization efficiency depended on the apparatus used. Namely,
the molecular weights (the values of M,, and M,) of resulting polymer from 3,4-ethylenedioxythiophene and
2,7-dibromo-9,9-dioctylfluorene were different when the polycondensation was performed at 80-120 °C by CEM (Discover) or

Anton Paar (Monowave).
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1. #5

TN (PA) il v 2717V TG,
ZITHAR - HIHZ a2 v 7V RIS (Ar'-BR; +
AP-Br > Ar-Ar?) R0 Stille 7 v A v 7 ) T RIS
(Ar'-SnR; + Ar-Br -> Ar'-Ar’) [ZEIHSCHBETL 7 b
1 =7 A7 E DOk x 7253 BB T AR EED—
LLTHEBSNTWA[L3], Z0r/uRxhy )T
EORIANHESFERIZR ST, @maFOR/MK. 372
b HEMERE S IS BIEFHICHH I TEY
[4,5]. Bex bfEaRr v A7) T RREEDE
MEAIC LD ma T aRiEEs L TE-[6-8], —7.
R ZERT T EER LW e Ay 7Y v
R E UTHEER C-H 7 U — b (Ar-H +
Ar-Br > Ar'-Ar) PAEER ST B[9-12], DK
IS C-H ZEEAEE LT 2720, JSHEED 2 A bR
SRR OECHRAR LT\ D, ZORIGEF
DFERAFER ST EENT ) — U LEMESIEL. n
IR DT E2 AT D BTk &R it EiE A
[4,5,13, 14| CEMEGIE15-19]72 £ L | K= A b
DM AR DREE DS & U D FILE D SIEFE TSR
S TUND[20-29], 38R Em T FIIRIL, FEOEHE,
AEPEDBLEN D, 7 LR VT USRERIE L LTS
AP EN TV D7, ZOERMIEOBIRITER S
LTV B[30-33], ZDOFEm FOMWEITANIER &5
T OREHE LT D720 1B S [34],
LT, EHHENT U — LRGSO 2 5 2
LICE - TES TED o HERE D THERTED D
LITEHEETH D,

~A 7 SIS AR E T h LI LIRS
INTHEY, TV LT v 27> 7Y 7 HiE
BB TIE, REFRFER. ThbbEs RO o it
BRE DTG DLIND 2 EBHIE STV 5H[35,36],
—NZ, DT EEEERKIEST-DIITE ) ~v—%
i U7 fikiBREE (BAGR) ChRESED 2 ENEET
BDHTH, ZOERMEBEF L E LTEEn£< &4
DB, AT~ A 7 e ENEERIR L7237 2w MMl
BB T ) — LB DA R FEOOE D& L
TRAISNTER[3T], LA L, AHEATE THERHIC
BOTERK (ER) BV TR (OT8) MNER
ENDD, BHMESCHAMICHERS D L ahvd~
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A 7 I MEAD K 5 EAFS TR ST g &
SRR T DT H, v A 7 a L Wo Thikx
IRAEE DI TR S A, £ OFHE (FILR) 13TRE <R D,
LU B D~ A 7 o @I K> CTRICESSR (&
ey OFEERZ i L7=0F58i37ev, L7 - T, [
CA G CR Ui 2 870 2 458 CRGIET 2 2 & 1%
~A 7 I T A RRICEB W TEERFRIZR D
LEZLND,

BEET Y — AL LT/ ~w—& LTI
a7 L— 3BT A7 = RFESNH~T 1
—/L[44-50172 Ed B, FFIZ, EDOT G4-=F L
IR FFT =) 1Fn IEREFEMTE Th A
LEHEOEWEERRE ) ~—D—>Th Y, EHE
TU—MEZ# L7 CH 28 L T\W5%, L7zii->T,
THIVE TITEE & 7e3if(37, 515513 S TR0, FHix b
EDOT & V7 a7 L—rDF A AARZNENC BT 5
EHEH T V) — AL EME S 2 FRE L C X 72[56-60], £7-.
EDOT & 27 aE NNy — UZRIT DA A L3200
b~ A 7 aENC X HREROHIR BT >TEY
[61]. 5/ ~—IZ K> TE~A 7 B EIEVE RS F A
HIFERBF LN D DT TN L& Lz, —4,
XT VT LMy v 2T 7Y v T EEEIZREOTL
CEM ##ID%EE (Figure 1, top) 23V SV E DI
T[37,59]. oD % IV CTHAGE L 7= B3 < D% 5
FRY 72uN, 2T, 20 CEM HHHUDIERE L | A
Ay ClRIA S R & TUW 5 Anton Paar fHEID%4EE
(Figure 1, bottom) & DHHEAAT 5 Z & IFA-43 I ZBURTE
WEE X T2, ABFGETIL, 34 F LU UAF VT AT
= (EDOT) &7 mE7/04 L OEEN CH T
U —/LHEHiA % CEM & Anton Paar DD~ A
7 v ARCEE E AV TITO, GonZEmn 051
EEEOOREEAFH LB a Ay 7 ) o7
HEAEEIIRTT 5 2R AR LT,

2.hi%
2-1. BE

v U (TCI
5t A (Wako)

. REEH Y 72 (Kanto) | HRlE/S
V20T a®99- U FAT )L
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4L (TCI) . EDOT (TCI) . JiiAK NN-2 A F L7
T R7IF (Wako) IFBARZOE XN LT,
22, #E
RSS2~ kL (NMR) 1% JEOL AL-300 (‘H:
300 MHz, °C: 75.45 MHz) % F\VCHIE L7=, 4> 75l
7E1E Tosoh HLC-8220 GPC system # i\ C7 k7 &
n 77 (THF) Ziftttik, R AF Lo i
L LT T2l A 7y o—7 MG, Discover
(CEM ) & Monowave (Anton Paar £f) % FAVCAT
o7 (Figure 1) , MISAZRIFEMAD 10mL H 7 AR
WE R, BHRCHGEED, BEIEEO IR £
P THERERIE L 7=,

Fig. 1: Microwave synthesis (heating) systems. (top) CEM.
(bottom) Anton Paar.

12

2-3. RIS&EH
8 2 cm DOF % v FHE N T ARISEIZE 7 IVEE (9.2

mg, 0.09 mmol) | fKFEH U v 2 (124 mg, 0.90 mmol) |
FElR/ 37 27 2 (1.7 mg, 0.0075 mmol) | 2,7-F7 0%
99-2% 7 F )7 LA L2 (165 mg, 0.30 mmol) . EDOT

(43 mg, 0.3 mmol) # Ail, 7/LT K FTNN-¥°
AFNALTERTIR (10 mL) Zxl, ¥ v/ T
FEPAL 1 REIINZA U 7215, IR0IC K - CHEREE 2 I
DRz, BIREKREDA X ) — )W FT528T
Mri L=tk 2 W5 | A Gl L7z, Ak icsk-o
TR DR Z R L 22 AT 5 7%, 1 mg/mL
@ THF #iRZER L, @R (&) Ot &%
GPC THHT L7=, NMR T L DHEERATILE 2 T3kl
7 1RV AR ST T T,
PEDOTFS: 'H NMR (300 MHz; CDCls, ppm): 0.79 (br, 6H,
CHs), 1.11 (br, 24H, CH,), 2.06 (br, 4H, CH,), 4.46 (br, 4H,
CH,), 7.46-7.80 (br, 8H, ArH). *C NMR (75 MHz, CDCL):
14.04, 22.55, 23.75, 29.20, 30.02, 31.79, 40.35, 55.17, 64.69,
119.67, 12028, 125.11, 131.80, 138.52, 139.52, 142.59,
151.42.

3R

BT V) — LB A IE 2N E CORISEM BT
[56-60]% B E 2T, B LR & REEH U w7 A& LR
FoL— MERAAIRE U, BT 20 L% il &
L7z (Fig.2) o BBTEHT ) — U bRORIcZ% < A
WHIL WEDEVNN-Y A F LT & F 7 2 K (DMAC)
i LT, Efea OfGH % Table 1 1279, EDOT &
CTaEINAA LY (F8) OEEHNT U — /U LEES
T A A NSA AR U@ gL (120°C, 1h) TI79
EhrrE (M) 11200 OZZASEE SR PEDOTFS 7357
F&5A (MM, 102 THHAVZ, EHUTk L. CEM
ZHEA LA UL 120°C TEMFGZITH &5 & M,)
18600 ™ PEDOTF8 7353 F-&534 (My/M,) 3.4 TS
iz, IREEZ 100°C TIT72 > CHECEE T8 (M)
18900, 73 f&5mA (MM, 23 THLALE (M I13E
B8 B % 80°C TITH &4y 8 (M,) 21100,
B (MUM,) 40 OENIZS TR EH WD
PEDOTF8 735 Hil, FREIZIWCRRRE D&
DETTFEIND Z LTz,
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Pd(OAc),

PivOH/K,CO5 s '
+ * *
\S_T Br Q O Br DMAc temp. \ 4 Q ”
o o
—y
EDOT F8 PEDOTF8

Fig. 2: Direct arylation polycondensation of EDOT with F8.

—J5. Anton Paar Z{H L C~A 7 aifm#h (120°C,
1h) %1795 &1 (M, 22800 ® PEDOTFS 53531
B0 (MyM,) 3.8 TR B ALz, A 100°C TTT72
o Lo (M) 14000, 738504 (MM, 29 T
BHhTz, £ 5% 80°C TITH &8 (M,) 5100,
TR MM, 2.1 L7257, CEM TOARRKIZR
LHEpY | BREEEICL - TELNIED FOH &
(SEVABLINT,

Table 1: Results of Polycondensation

Entry  Device Temp./’C M, M./M,
1 Oil bath 120 11200 10.2

2 CEM 120 18600 34

3 CEM 100 18900 2.3

4 CEM 80 21100 4.0

5 Anton Paar 120 22800 38

6 Anton Paar 100 14000 29

7 Anton Paar 80 5100 2.1

Anton Paar [TIEENEROIGE Z%tg & UT-BhE#E
£2NARETdH D, Figure 3 (2 EDOT & F8 DEFET Y
— /UL EREEIZIT D ROSR DA A7~ IIEETX
T AR O A L D EICREA L, B
30 PR Do To B~ LT, AU, ROS
MDD Z LT, MERMLRESNIALAmE Ty
D LA T TTIRA LI/ TH S, O, A
WARIRIZR A D DITIREET U O LRI S 41T
WA TH D, FOGKHRD 60 70, 747, 10 43 &6
T2 LREO M LIS EERDIFRANAT A2 <721 |
W& EBOESF I NDORENER B> TE T2,
b, KGRI R 272> T D Z ERDD D,

13

sl
YIRIRIL

Fig. 3: Photograph of direct arylation polycondensation in

case of using Anton Paar.

4ER

EHENT U -V LEEAIC LI TH LN
PEDOTF8 ® 'HNMR %% /L% Figure 4 |59, 'H
NMR A7 R iE 7.4 75 8.0 ppm (Zo7c > TF
NA L CBROT 7T v (b-d) 23, 2.1 ppm (27 R—
Riga AFLr7m hrlkoy 7 G0 (e) 238l
iz, F£72, 43ppm (2 EDOT DA F L7 m bk
DOV TFNRNBRISIL, 7T v a & e OFFDHENIZ
E1:1 Loz, TNHDARY MUTZIE TORE
BE I HLTWD[56-59], £7=. 2D NMR 75
IARED v 7Y U ACHEET DV 7OV S
Molz, LTEMN- T, /RNT U0 ARF AR Lz
BT U —LEMES THI & T R EILEA RN
BonlzbtE25,

-1

4 LJL“

70 60 50 40 30 20 1.0
chemical shift / ppm

Fig. 4: '"H NMR spectrum of PEDOTFS. #: CHCl,. $: TMS.
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FANRATOBFENEE CEM TO~A 7 Bkl
BT HIEL (120°C, 1 h) #bigd % Z & T, EDOT &
7T INA L OEBENT U — /LB IRV
TV A 7 BB ENTHH Z RIS (Table
1, entries 1 and 2) ., F7=, BENBNC K> THELNTE
BT O ESA (10.2) 1 X~A 7 2 c1
#U72 PEDOTF8 D5y F 8534 (3.4) & HA~IEFITIED
STn, ZHUTMEG e S L T2 & AR LT
5, CEM TO~A 7 aiiiEZii 613 (Table 1, entries
2-4) | 80, 100, 120 °C ZHNZENDOEMEAIZ L D /318,
SRR & BICRE BT,

Anton Paar Z{FH L C~A 7 2iKIEAA R E1T/8 -
Te5a. AANASATOEFEIEE ~ A 7 vz
ZMEY (120°C, 1h) At d % 2 & T, CEM OfER &
Ak, EDOT & F8 DE#HT V) —/LEHMEAIZE
WT~A 7 MBARENTHL Z BRI
(Table 1, entries 1 and 5) , —H5 T, Fbiicmm O
DRI EREICHEELZITHZEN RSN
(Table 1, entries 5-7) .

CEM & Anton Paar Z1LEHUZEIT B~ A 7 T NEL
DR FAR DT, FOGRHZEHA L7 ROS#s N O
IREE & =B bz RO 5 7 e %7~ d (Figure
5) . FIRET 07 7 A UT IR ZRHEEE LIZsOG%
SN OIRFERHIZIE ST D, CEM TO~ A 7
HRIIEVE 120°C BRETIT O & HUITIRE FA2NE
20, K30 B CREIREICEIE L, 130°C £ TA—
N a— b LT R EIRE OS5 CREE CTHE LTz,
NI L > T ER L, &K 15 bar F2EE T EHA-
L TMBIRAITTFD - T 7, IEGREIREE %2 100°C
E LG A LEREIREH0C DA —/"— a— FRR
DAL, BREREDL5C FRETLE LTz, £/)% 10 bar
FREEE C A L7z, 80°C RRETHIEAZAT S & Ui
IR EAEZ D, K30 D CRrEiREICBE L, B
MRIZA—N— a— IR 72 LT E A 72008, &
FE EROW%, BREIREDHS £ SCCRETLEE LT, &
71 100°C & [FARIC 10 bar FREE &£ T L5 Lz,
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Fig. 5: Plots of temperature and pressure on time. (a) CEM.
(b) Anton Paar. black: 80°C, Red: 100°C, blue: 120°C.
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Anton Paar TIE IR BRHZHINZ TLE—& P —IZ
Lo TZHEDIRERHFTRETH 553, CEM & DOfER
ZHEET 5720 2 Z TIX IR SR O FICER Lz, <
A 7 aEhiEVE 120°C E TIT 9 &, adIZIREE 5
Y K20 P CRREIREICRE L -, 140°C £T
F—"—a— F LR, REREE TESITIT TN
B, KR 155°C £TEAL, 20 HFEERE L THH
BROEIRIE+10 + 5°C FREECTLE Lz, ENTIMENC L -
ThHPMNCEF L, &k 2bar FREE £ T RS- Uiz, Ik
BEIREZ 100°C & L7-8A bk ElRE+23°C DR E
IR a— R GIL, 10 H5F%E L T BEE
TR0 + SCRECTRE LTz, E/H 3 bar FREE T
A U7z, 80°C G THERZAT 5 & Ul F5A-
DIV, K10 D TREREICERE L, 114°C £T
A== 2 — "D | K 4 4 CRRERE D+5°C
FECEE Lz, JEI1D EFIZ 2bar BETH -7,

CEM DA, 100°C LA EORREIRE ClXIEITREE
D OUR PRI CTHERS L7203, IRWNEE CIIRRE LV &
DTHRE T DEIMCH D Z LR Sz, L,
FREIREE 1Tk U TR Z 03 e S U7 SO IR RS % 52
BTEx Wb LEEZHND, —J T, Anton Paar DY
A, 100°C LA EORREIREE CIEERE KV =) Ol L
PHCHERS L7223, 80°C DIV R CIIak e m v HE
BT HHEICH D Z ENRB ST, Anton Paar b
CEM [RlkE. REEIREE 1% U TR E U [ B S 72
JISREZFEBTETNDHEBEx LD, L, &%
BTN SN D A— =T a— 33T D7 AMilliEo
KEERE, /JBohlcmnFona+E M, & My/M,)
B R B2 T D E WS TEREEMENRE 2 B b,

Flo, RSBARNORESMOES—KE LTEZ
BILD L R U IR & o3 —lliE LT %25, CEM
IIRZREA . Anton Paar [3&%s FAMHIHE CHIE L TV
%o IR —IBUGARROIEE 21 L TR Y Ui
WRIRE 2 BB C X TOZRWRTREOMIZ § |, AR
R TIEE D AL EDIIHEE D - & PEDOTF8 DOif
HIZ X DA —bhtiTe, OB, ISH#N TlRE
SIARAE =272 0 | IEREIC L - TREZEN TS
EWVS RN D B, LIeni-> T, IRE, £
g EOFRT — 5 L EBEOT — X BIFENRH D &
EZHND, MEORTT—% OERNRONIZES
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X, Witk LB L ThROW S CIENEE=X ) VT

LCTWDR, ZOFEMITARAZORE DiFE  E TR
TE TV, LarL, DMAc Oifif (165°C) =5 %
% & FOGREE 80~120°C & LTV DIZH b 59,
CEM T 5 QB FElEIN TS, 2O &b,
CEM DO JFI3FRRE L) K& MBS TV 5 ATHE
HERTETERN,

St [RUAREREISRE D Fam (EfiS) %
B DHEECHGET 5 2 & T, XY R BUEA~DE
BLZOHBIZOWTHRNDLZ ENTE, v 71
B RSS2 M EPT CERT 2 2 6N TED LB XL
N5, EiZ, EH. M, & MM, DOFER, TR JRIENLE
ERED LRI EDRT A—H =D FSAEEE O
JED ENTZT IEMICHIE TE TV A DERRGEL TH D,
LV EEZ R T D ED B D,

5. f5ER

AL TIX EDOT & F8 OEBHYT Y — /UL EHE S
ZE OMBGEICRT LT, 2200~ A 7 ol S pcER
\ZKDIBGHR &l LT, ~ A 7 a BNEG Rk 3
WO A NS A EAET LT INEAE R & =T h
57273, CEM #0045 & Anton Paar #EODEEE A b~ 2%
& EMRG ORERITEV DB, LIz -> T, @af
Gk (EMES) IZBWTIE~ A 7 a A pEE ORHY
EISE 2 TITO Z EER S D,

6. HiEF

AIFFED—ERIIR I Te AR (GHERFZE B: no.
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Abstract
Microwave application technologies such as microwave heating, microwave assisted chemistry, etc. are of the innovative green
technologies. In the field of microwave engineering, a waveguide whose sidewalls are replaced with densely arranged metallic
posts has been proposed. This guide, called the post-wall waveguide, can easily realize the circuit patterns by arranging metallic
posts periodically in a parallel-plate waveguide or a grounded dielectric substrate. In this paper, 5.8 GHz and 2.45 GHz
microwave applicators of medium size are proposed based on the post-wall waveguide structure. The 5.8 GHz applicator is
allowed to irradiate microwaves to solvent of several milliliters and to flow the heated solvent out continuously. The validity of
the 5.8 GHz applicator is examined numerically and experimentally with microwave power sources of about 5 W. Furthermore,

the designing of a 2.45 GHz microwave applicator using the same structure is shown.
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Fig. 1: Basic structure of microwave applicator by post-wall
waveguide with embedded micro channel.
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Fig. 2: Frequency characteristics of phase constant and
attenuation constant for 5.8 GHz-band post-wall waveguide.
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Fig. 3: Excitation structure using coaxial transmission line to
post-wall waveguide transformer.
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Fig. 4: Simulated temperature distribution of water under
microwave irradiation (5.8 GHz, 5 W, 300 s).
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Fig. 5: Simulated temperature-time profiles of water under
microwave irradiation.
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Fig. 6: Electric field distribution of applicator (5.8 GHz).
Additional metallic posts are placed to avoid leakage of
microwave.
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Fig. 7: Frequency characteristics of phase constant and
attenuation constant for 2.45 GHz-band post-wall waveguide.

T 7N r— R T E S, Z 2Tl 2.45GHz
FENMERIR L T2 AR A MEER RO & Tk
HAWe~A 7 a7 7)) r—2 OGN OFRY X 2
L—ya URERE T

koD 5.8 GHz #7782 MBS I ClIERGEE N &
PTFE CHIE L, &3k & U CHRIH LT 2%
T, 245 GHZ # CITERENREL 25 2 L,
RA NEEBE R OSHE D RIRE {72 b, £z, b
WHRE le~vA 7 alEBNE ANNT5Z ERTRER
HT8, T ZTCIEAR A MNEEERE KON Z 225 (g = 1)
L LB ORI &1 T - 7=, Fig7 1%, 2.45 GHz TEIE
T 5 &9 IS a, SRAEO R r B L ORLER]
f@ s ZlHET 5 2 & TRLILZAR A MBS K OATH
EHE LOWETEEEZ R LT D@ = 115 mm, s =18
mm, r =5 mm), EFEORS hiL, a OFFEEIT/e
% 50 mm ZER LT 5, HEWTER NS 1.89 GHz, I8
FERITEMERIR CIEIE 0 Z/RLTRY, ~A 7 aif
RO 722,45 GHz THoEET HHZ2DR A NEE
WIS HERMG S TN D Z L0 D,

TRA NEEE R AAT e O HAT, ATEICE
HARECTH D, ABIFETIE, BEMDFRE LTV 13U
10 mm DIEFEEEE & h 2 730 a2 DFFNIERT 5 2
Ll ek, EBRICRET 256103, A7 2%
T 2 — 7 T AR L, P2ENE D TRBY
BT D, T OIEGIEHE 2B ORI A2 F H L
THE T 2854 BRI HE s — 2r = 8 mm Tl 10
mm (/2 Y 72y, £ 2 TFig8 DX 9z, MEmi{lo4

22

metallic post 1™
/ 10mm ©
C
aa c
® 0|:
ey
[$]
<+16mm=> g
o

Fig. 8: Shifting of metallic posts for arrangement of flow
channel.

degc

20

Fig. 9: Simulated temperature distribution of water under
microwave irradiation (2.45 GHz, 100W, 60 s).
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Fig. 10: Fabricated microwave applicator for experiment (5.8
GHz).
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Fig. 11: Inner structure of fabricated microwave applicator.
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Abstract

For theoretical understanding of the microwave and radio frequency heating of water and for comparison to
dielectric loss under microwave and radio-frequency irradiation, computational molecular modeling of water
hydrogen-bonding aggregates, (H,O); is carried out on the basis of density-functional theory (DFT) using the
B3LYP exchange-correlation functional and the 6-31G(d) basis set with Spartan 16 (Wavefunction, Inc. Irvine,
CA) (DFT-based molecular modeling, DFT/MM). The DFT/MM-based IR/FIR spectrum of the water
aggregates verifies that all aggregates absorb and dissipate of wide ranges of electromagnetic wave energy, i.e.,
giving not only infrared (IR, 4000-500 cm™) but also far infrared (FIR, 500-0cm™) spectra. ~ Absorption peaks in
IR can recognize bond vibration, and absorption peaks in FIR recognize intermolecular vibration of aggregated
molecules. On the basis of intermolecular vibration of absorption and dissipation spectra at FIR (0~500 cm™),
which correspond to radio frequency of KHz and MHz, GHz(MW), THz(IR) region, and bond-stretching
vibration spectra at IR (500~4000 cm™), we propose here that the radio and MW frequency heating may be
explained as due to thermo-upconversion mechanism, i.e., final thermal dissipation at IR absorption at O-H

stretching (3500~3000 cm™) caused by up-conversion of radio frequency energy absorbed by (H,O)s.¢.
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Abstract

Carbon felt (CF) is a carbon material composed of graphite fibers with random orientation and heated mainly
by conductive heating when subjected to microwave irradiation. Recently, it was found that when two pieces of
carbon felts arranged in parallel with a predetermined distance were irradiated with microwave, thermal electrons
and thermal radiation were emitted from their surfaces facing with each other and the temperature at the gap
between them increased rapidly to reach the thermal equilibrium temperature over 1000 °C. Furthermore, the
thermal state was developed to a plasma which we referred to as the carbon felt atmospheric pressure microwave
plasma (CF-AMP) when the thermal electrons were sufficiently accelerated to ionize atoms and molecules through
collisions under the induced alternative high voltage between carbon felts. In this paper, the spectroscopic
observations revealed that the CF-AMP is a non-equilibrium plasma and the properties and some applications of

CF-AMP were introduced.
1. IXC&HIZ

IR, BRI~ A 7 mle (MW) Z vz~ A NTW5, A% 2.45 GHz O MW ZF%EIRIC
7 e, (MWH: microwave heating) 73EH & WY S CTEONEN S B OHASI TS HET
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Fig. 1. SEM images of a cross section of CF as
received: (a) magnified by 100, and (b) magnified by
1,000 at the acceleration voltage of 5.0 V (JEOL, type
IMS-6330F).

1400

1200

o
S
S

Temperature/°C

MW irradiation time/s

Fig. 2. Microwave irradiation and temperature
changes: (a) two CFs arranged in parallel, (b) a single
body of CF.
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Fig. 3. Mechanism of CF surface heating emission.
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Fig. 4. Time-dependent emission spectra from (a) CF
surface and (b) gas-phase between CFs irradiated with
microwave (2.45 GHz, 600 W) under atmospheric
pressure N flow at 700 cm*min™ (25°C, 1 bar).

SPS N, (C-B)/FNS N," (B-X)

FPS N, (B-A)

10 Av=5 Av=4 Av=3 Av=2  Av=1

Intensity /10 cps

200 300 400 500 600

Wavelength /nm

700 800 900

Fig. 5. Emission spectrum of N> plasma generated

between CFs at reduced pressure.
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Fig. 6. Electron temperature (7,) estimation: (a) N»
AMP emission spectrum used for estimating 7., and
(b) relationship between 7 and the peak intensity ratio
at 3914 nm and 3943 nm when a Maxwellian

distribution is assumed, adapted from Ricard, 1996
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Fig. 7. Vibrational temperature (7,) estimation: (a) N>
AMP emission spectral peaks used for 7, estimation,
and (b) calculated Boltzmann curves for N, (C, v)
vibrational distribution at 7, ranged from 1000 to
20000 K along with the relationship between 7, and
absolute value of Boltzmann slope S in log-scale,

adapted from Britun et al., 2007 [12].
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Fig.8. Rotational temperature (7)) estimation: 7, is a
function of R/P intensity ratio of OH (A,0-X,0)
rotational band, adapted from Laux et al., 2003 [13].
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Fig. 9. 2.45GHz microwave magnetron source
manufactured by IDX Co. Ltd., type IMG-2502: (a)
microwave generator, (b) isolator, (c) tuner, (d) TE10n
single mode resonator, and (e) and (f) CF-AMP jet.

Actual plasma jet

Single-mode TE10 applicalor
with cylinder waveguide

Fig.

10. Simulation of electric field intensity
distribution using JEMEA VMW208 (2016): (a) a
single-mode TE10 applicator with long cylinder
waveguide, (b) a single-mode TE10 applicator with
short cylinder waveguide, (¢) inside in a short cylinder

waveguide and (d) plasma jet upper stream.
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Fig. 11. CF-AMP emission spectra of various working
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Fig. 12. Plasma temperatures (7¢, Ty and 77) of Ar

AMP and Air AMP at various microwave powers.
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black formed from Ar/CoH, CF-AMP at S00W.

Table 1. Calculation of diameters of graphite fine
particles.

Ip Is
Run®* 1349cm”’ 1584 cm’! Iyl L,/nm®
1 811 870 0.932 21
2 744 818 0.909 21
3 1511 1470 1.028 19
4 630 615 1.02 19

B Laser = 532.03 nm. PL /nm = 2.4x1071° (5, ../nm)* (Ip/I) 119
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20 min cuter
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=
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Fig. 14. N, CF-AMP deposition of graphite particles

on quartz substrate.
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Fig. 15. XPS wide survey spectra of SUS 304: (a),
carbonitriding using N»/CHs AMP; and (b), as

received.



JEMEA Journal Vol.2 (2018.9)

5-1. h—RU TS VI DERK

Ar/CoHy JE T AD CE-AMP % W T —R
7T w7 BEK LT, Fig 13 (2%, £ 0OER
BBMEHE & T~ AT MLVORIERER %
IR, EEE 30 ~ 80 nm D ERFEMRI A 5 Rk D ik
HEDBIORGE—INEHDE T AT |
VDI — M I —R T T v 7 Th
AHZ LA RLTWA, Tablel (21, Pimenta © D
A [14] 12 X DRI ROREFAE A7~ T,

5-2. 5774 MEKFOIRAR

F 4 AZIRD CF & CF kY H—[T N, CF-
AMP ZRAEXELZ LX), 7T 774 MK
R 1% 58 ST A EEMR EICHERE S5 2 &
T&7- (Fig 14),

5-3. SUS 304 REDZKEL

CF MU H—% W THRAEIET Ar CF-AMP
M BIER Ar AMP, N, AMP, No/CHy AMP & LT
LEIHF B AL Ny/CHy AMP % FVN T SUS 304
FREDRRENCEITo T2, PR (a) LUK
H (b) o SUS304 F D X FRICE 1A=
I VBITE DfEF, No/CHs AMP ALER(Z 2 0 50kHR
[fi~D N JFF & CIRADFEEEAD VR ST
(Fig. 15),,

6. #5im
CF X7 U H LB L2777 7 A Mk
MHRY . EOHKIT A 7 nl OS2 T

% & BENMERIC L v s B, — 5,

CF #—EDMR% o TRIE L, NEET AR
WE, ~A 7 alfzmmnds &, movE > CF
FKiH» HEVE -3 L OBNEH A i &, CF [H
1355105 225 100 s DR T 1000°C 2 #8825
EROBCEHRRAE L 720 5 GROEEEMNEY , &5
(2, BETHIES L oL X —h S
T 5 LRI LY FEFRo a1 A1k
L. 77 ARE~FET D (CF-AMP) ., Afs
TIE, B CF-AMP [ 3FE V-~
TAZTHHZ xR, EOREEIEHD—
SRR LT,

38

1. Hite
AFRHEICHTZY . REBFAEOEARIHRKS
X O Nguyen Dan Hai FCIZH TEV =, 2212, #f
BaRT D,

51 AR

1. H. Fukushima, H. Mori, T. Hatanaka and M.
Matsui; J. Ceram. Soc. Jpn., 103, 10, (1995)
1011-1016.

2. H. Kurihara, T. Yajima, J. Surf. Fnish. Soc. Jpn.;
57, (2006) 895-900.

3. H.Kurihara, T. Yajima, Chem. Letters. 36,
4, (2007) 526-5217.

4. H. Kurihara, T. Yajima; Chem. Lett., 36, 7,
(2007) 870-871.

5. H. Kurihara, T. Yajima, S. Suzuki; Chem. Lett.,
37, 3, (2008) 376-377.

6. H. Kurihara, T. Yajima; Bull. Chem. Soc. Jpn., 81,
5, (2008) 656-658.

7. M. Inamoto, H. Kurihara, T. Yajima; J. Surf.
Finish. Soc. Jpn., 62, 10, (2011) 516-520.

8. M. Inamoto, H. Kurihara and T. Yajima;
Materials, 6, 10, (2013) 4514-4522.

9. A. Suzuki, H. Kurihara, T. Yajima, J. Surf. Finish.

Soc. Jpn., 69, 6, (2018) 245-246.

H. R. Griem, Plasma Spectroscopy, McGraw-Hill,

(1964), New York, USA.

. A. Ricard, “Reactive plasmas”, Doctoral Thesis

(1996).

N. Britun, M. Gaillard, A. Ricard, Y. M. Kim, K.

S.Kimand J. G. Han, J. Phys. D: Appl. Phys., 40,

(2007) 1022-1029.

C. O. Laux, T. G. Spence, C. H. Kruger, R. N.

Zare, Plasma Sources Sci. Technol., 12, (2003)

125-138.

M. A. Pimenta, G. Dresselhaus, M. S.
Dresselhaus, L. G. Canc,ado, A. Jorio, and R.
Saito, Phys. Chem. Chem. Phys., 9, (2007) 1276-
1291.

12.

13.

14.



JEMEA Journal Vol.2 (2018.9)

Manuscript
) June 23, 2018
received:
Revised August 11, 2018

Accepted August 27 2018

39



PN

Journal of Japan Society of
Electromagnetic Wave Energy Applications
BABEHMEIRILY—CRA¥SE WXE
Vol.2, September 2018 £ 2 # 2018 £ 9 A

H17H 20189 A7 B MR
ISBN ISBN978-4-904068-72-4
C3043 ¥ 0E
5E b 0F (FBAH)
w5 BHEFEFFEIEAN
AXEMEIRILX—IEHES
RiTE HEFEFIHEABXBRRIRIILX—ICAER

T154-8515 RR#HAAREHHR4TE28F 18
(BXHEXE 75E7T14HRERN)
T155-0033 REMFHAAXRKESTH13& 1785 (FHER)
Tel & Fax 03-3414-4554
Email: office@jemea.org
http://www.jemea.org/

AR TERE - BEZILILERLIET,




ISBN978-4-904068-72-4
C3043 ¥ 0E





