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Characteristics of gas hydrates through observation of radical species

Atsushi Tani', Takeshi Sugahara? Motoi Oshima!, Kei Takeya®, Kazunari Ohgaki?®

Radical species induced by gamma-ray irradiation in gas hydrates have been investigated by electron spin

resonance (ESR). In case of alkane hydrates (methane, ethane, propane and isobutane hydrates), alkyl radicals

derived from guest molecules show different behaviors in three temperature ranges. At relatively lower

temperature like 77 K, the radicals are stably stored in the hydrates. A water cage plays a role of a cradle to

keep an unstable radical. In middle temperature range around 200 K, hydrogen abstraction reactions occur in

the hydrates. A radical picks up hydrogen atom from a guest molecule in an adjacent cage. At higher

temperature like more than thermodynamically equilibrium temperature at atmospheric pressure, number of the

radicals decrease through the radical reactions. These studies reveal that interaction between guest molecules

occurs through radical species in gas hydrates.

1. EU®HIC

77 AV =N K=t (FANL KL —1H) &,
KOGFTTERE (V=) &7 X MNaFragank
LEWT, —MIER « mESEEIC B W TLERYE
Thb. ARy stz fRIAKER T TRL,
ERPMIGRE, BKE, ¥R ERT A MY
F LD, ZOREEEPIRERCE T 2090 fTbh
T &7 (FFIX Sloan and Koh, 2008 %z £ #&0H) .
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T g Frv—r2ElET 2L, BHAMEOKSTFTTE
e r —DWBKED XY U FREHEISRTWS. Zh
PHANA P — b DOREBFHEO—DTH 5.
WEEMERIRTNE, 7Y NVEPREE RS T
Rr—YEETLIENTE, LVERE TRENT
X25DTlE v (Peiser, 1960; Rice, 1962) . ZD &L 5
BEIRMN S | B ANA RV — MBI B GRS
WBHICX VAR T 27 NVEOMFERIEEZ > TWnw5.,
Goldberg (1963, 1964) X, 1 & v 2 & & H,S®
CH.,SH, C,H,SH %27 A "3 F & T A5 ANA KL —
MEIMRRN T 2098 21T, ZYVNVEZIIUD L
T HEBENH ANA F L — MZBW»THRNEE F
MR —200CTIHRA WA T 258, 4008 THEHE T
&%) WRFEESNSEZE%®RLTz. —7, Bednarek et
al. (1996) S, KBIET b I AFNVT VE=T A
(TMAOH) 2d#Ed223I 77 ALV —F A FL—F
WXBEE T 209 21T, £KT 57 Y2 VR
BOKTHEAT L ri®mELL. s DERIL,
FYANBEIZ L > TH AN P — MZRERRES
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Z2HDEMFEFESNBVHDONRH LI ERRLTVD,

RAY Ry g ERARIRALKE D SEKT 5 7 v+
NN BIZE, AFNTIANVRIFINT DA
7E) BAKSFERIGET, F—YRARLECEES N
peTFHEshS. 22T, Blebi3RIAFREFLEL
T2 ANA P — b 2RI, v BRI LD AERT 2
T HNEOWGREIT>CET. BIZIE, XA R
v — MNIZBH9 28158 (Takeya et al., 2004, 2005) 121
C&%bh, =% (Takeya et al, 2007a), =F L~
(Takeya et al., 2007b), 7w %> (Ohgaki et al,
2008), 1V 7% >~ (Kobayashi et al, 2012), SF
(Takato et al., 2011), ¥+ /> (Takeya et al., 2011)
BRETHD. Fi, BEIO I NV—T71%, KFEANAL FLr—
FPEIZIAV—bNA NV —bMZETBKEREF
(Yeon et al., 2008; Koh et al., 2012) ®°, 377 &
V— A P — MBI A—N—F F Y F 7 =
4 >Z Y%V (Cha, et al., 2010) IZDOWTHLEL Tw»
5.

EIAHT, HANA FV— b TRT A M FRADST
TCEr—YRBRT 2HAHPAARZL LI LD
[fREE] shTwdd, ¥ A N THTOMAEER XX
WIS . KRETIE, TVFVT O HNDEEET S
F=VWEBEINI T A Ny F 6 KRFEEFIEHEL [
FRFEEHNIG] P, KFRRFEBEIKGICHE-> TR 3
[ZYANEO BRG] Evwote, 2V A NVEOE
Lo R ZTETANA FL— b ORI D W THEN
T5.

2. RERIE

HANA Ry — bidkHE, REASIC CHTE DR EF
NEFC LD KREDTADOEHKL, —200COWHEICT
HEEIRDE L. ZA My TFE L THWEEERIEZ XS
v, IV, Uy, AV TY O 4EET, Thic
Mz SF, A% > &7uNyOREHN ANA RL—h
LM LTz, %72, KA MFITiE, BAKIZT TR L,
#HARD AWV (LUF, EXKRER LSS IEART3).
IhETITAF v 7EOER VN, BERERIRLE
R (T7TK) Ty@meHEEL, E7T A v HE
(ESR) ki X D EHAIL 72, EHEIEEE 13 ESR IBE AT Z
WELFHLCHRE L. 72, KIGERDIZOWT
X, SHERORIRBING, B L OEESTEHC & D EF
L7z, EEBREEOFMIIOWTIE, FRENOFHML %
S LTl &Ez v,

3. BREEBE

3.1 KERF (EKXKZERTF)
TRTOFREZ 120K THEHET 5 &, KEET (K

&, = R H — K

BIVHINED WD) OFEISERI NIz, HAKE KA
M ELREGEE, BEARRET (D) OE», KERTF
(H:) dHEREN, yBET A MNFFERA NP TFONM
FRfREEL Cn2 ek {bh s, KEFETOESR
AR MV EEILSRDLE, A Y E—7 OMiHz/NS %
EE0H 5 (Fig.1). Inolx, KREFHLH A A
Fr—tok#E (FZX MpRA MpEEbEW) SMHE
ERT22812k3 [RAEY 7V 7PI4 ]| 12kBd
DEFzonb (Miyazaki et al., 1990; Takeya et al.,
201D). &k, KoFrodEK3T20H (bL<IE
OD-) B7TTK THEPSNT, YA FERD LD
CHKIGLTHBLTWwW b D EFHEZzZoNS (RIZTIVF
WVEE) .
OH-+RH — H,0+R:

N SKRRFFREARREFITRE LA L &b s
L, 200K 22 2BETIX, 7VFLVLIIH VL 0E
W ngroiz. £oT, KTOE@RTETVEFLTY
ANDHISZ P HNFEE LTHANA FL— Mag#HEs
nTwael, #izxED 5.

3.2 SIYANZENUVIET AN FRETOKERFEH
Rt

TaRUNA R = TR, 2EEO7 VIV VN
NE (v=nvaEnNT hnv (npropyl) &4 V7
o7 YA (isopropyl)) 120K THEZE s iz
(Ohgaki et al., 2008) . 240~265 K iIZBWT 7 ¥ H)LFl
DEHE R 5 &, n-propyl DEHEA L, isopropyl
OEMBEIML 7z (Fig.2). 7 ¥ A IVEREICEL 7%
Lol s, Fung Fr— N NEBTAERF
BENCXARIGHE I > TWA I RN ER ST,

AKBIETFOBENCIE, 75 FAKREZH], HFHAER

*

L 1 1 1 1

351 352 353 354 355
Magnetic Field / mT

R1:yMBEHEDORXY N, FLr—FiZBY
LARFBIRETDESR A7 bv. 77K TOHIE.
A4 YE—=2 (k) OB T 74 P E—7
(V) BnHEsNn%.

Fig. 1 . ESR spectrum of atomic hydrogen at
77 K in methane hydrate after gamma-
irradiation.
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2 y MEEBO Fu g FL— 2B 2
2HEEO S u NIV ANEEZFDBREDEA
(Ohgaki et al., 2008). 260 K TOFER. @1/ v
TNTORENT YN, QA4 Y TaELVT YA
WV, AXTAENT YV HNVDOREERT .

Fig. 2 . Representative results of isothermal an-
nealing experiments at 260 K in propane hydrate
after gamma-irradiation. @ stands for n-propyl
radicals, O for isopropyl radicals, and A for total
number of propyl radicals. Reproduced from
Ohgaki et al. (2008).

B, BLUKA MNIFThEAGTFENLIAEBREHO
SODUREENF Z 6D . TD A H =R LDFFHIZHE
Bz, 7uX> & SF, (b IHEINEORT —Y %
HET2) 2111 TRALLAANA R r— | 2
L7z, SFRITAKREFVLEEIT 2720121%, Sy
DFVPEEHEO RSB 2LENHY, ZORENA N
V— b TR FETOKRBZBENIE I DIZ K5,
77, TN TORBRFEH LR MG FEN Lka?r:'?
JFFREENL, ZORENA FLV—FTHRRICEZ 2
FREFZ I,

EEOFER, BE A ¥ v—1 TIX npropyl X
250K THIZ & A LERAE Y, isopropyl ~NEALT %l
ERPRDELRDL I EBbholz. 2D RS, K
FFEFIIDFHRTEBEHL TWE ISR 5Tz,
2%, ZJYMNVEE (n-propyl) &7 X NoTF (P
) OMTKRRBRFEEIRIG OkFGHKERIG) 5% 2
D, 7axx>o B-HOBENC XY, isopropyl ~NZ LT
% Z N ho iz (Fig. 3a) .

—77, a-HBET 256, RIGHIERTZ ¥ H )V HE
OFEEHELZIL LW L5 ESR TIREHIT 2 &
LRSTERGH, B-HOBBBEET 2 L 3E 212 .
koT, Zaxrng Rv— 2B % n-propyl =/
L 7o ARBIRFRBEKIGTIE, 78>0 o-HBENC X
D n-propyl SR » T ENAd Fvy— b AZEIKL, 8-H
TENC &V isopropyl ~NER#t, KEBERICHIET 32
EVS 2DODRIGHE I > Twd eFEzoh5.

FEDFERITA VYV 7 F g Rv—1 (FEAK) THE

(a) a-H
CH3-CH2-CH2' CH3-CH2-CH3 —> 'cHz-CHg-CHg continued
n-propyl radical
n-propyl radical -H
CHj;-CH,-CH; —> CH3-CH-CH3 terminated
hexagonal face isopropyl radical
of L-cages
© oy ] A
CH3-é-CH2- CHs-C-CH; —> +CH»-C-CH;, continued
éH CHs; CHs
3 isobutyl radical
isobutyl radical H
CHyC-CH; —> CHyG-CH, | terminated
CHs;

CHs;
hexagonal face
of L-cages

3 KFBRTFEEKEDOET IV (Kobayashi et al., 2012) .
(@7aXNA4 Fv—F, OV 7Y N Fr—1. o-H
PEET 2 &, 51 EHEARBRTFEBHBSCSEL D, ~NAF
V— MNHETTVF N T I HVBIEECYT 5. g-H BB E ¥
Le, AVTRENTIHNR tert-7 FINT P H VIR
L, KERFEBHEKGCEED S .

Fig. 3 . Intermolecular hydrogen-picking models in (a) pro-
pane hydrate and (b) isobutane hydrate. Reproduced
from Kobayashi et al. (2012).

tert-butyl radical

2Z2xh’z (Kobayashi et al, 2012). 4V 7% > )\4 R
V— T, 1Y 7F VT Y H (isobutyl) & tert-
TFNT AN (tert-butyl) O 2FEEDTVFNT Y
HNVB120K TEE SNz, TaxXxnf Fr—h &
FIRkIC, 7Y H 0V (isobutyl) £ 7 A NGT (4 V7
&) OETARRFEESLID, AV 75D g-
H»BE L 7854, isobutyl 254 L, B+ 57—
VIEBEEINTA Y 7 F VD tert-butyl NELT B 2 &
Worpotz (Fig. 3b). %7z, BEFHNIGE ¥ 3 L tert-
butyl D& D ESR A2 bV ERT Z s, KEK
FRERIGIANTHLERIGTH D Db b

TINS5 2ODRTIE, Funyvd Y7y VidET
HoR7r—v (526D 16 HE) c@EIND. ZOK
T=YR4ODONARELEL THL>TnE I L
5, FanyvA V78 TR SN KERTEENIIA
AE 2 TfTbNTwa . AARL VNS WA AHEZ
HUTHFEBROSTRARBEIRICEIRZ 200, Zh
BIANRDL I, X¥-FTuaNUiEEN, FV—b (H
AK) ERWTHIFE #1757z (Sugahara et al., 2012) . %
ADRELEREST 22T, TuXrBRTr—IZ,
A O — (52 D 12 THR) IcaBEs b A R
V—NEREMFLE. ZOBE, TuNrE Xy VIEHA

A LUBEL TV,

ZDRTIE, 2EEOTOELVT P HNVDIED, AT
VIO HNDERKE 120K THERE L. XFLI97
WD ESR A7 MV 2ED 70 ENVT PN DA
R MNVIZSESIWCER DD, T OEEFMIZHEEL 2>
Jo. 22T, 2FEEO SOV T VAN E FDKRE R
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fliL7z& 2%, Fig. 4 DX D2 o7z, 240 K TIXEH
BIta» 5 150 53 SVWE TT U EL T Y 4 )L OREHH
mL, Zog—CEkolz. TN Hb¥ T, iso-
propyl O¥ENNIE 150 53 ZEEIZFEL > L x> TWw b, f
B 7aong FLr— b O8E L5 &, 150 43
DIBED ESR A7 P VIE 2O 70 ENZ ¥ H D
HADLDTHDZEBbrolz. 2O s, 1504
DB Ciz#ide 78 Fv—b TR SN n-
propyl & 7 a /X U OKKRIETFREHNBEZ > TWwEH,
150 53 F TEAF VT ANVDOED B EIICEZY, 7
OELT Y ANDREPEINLIEEZ NS, ZDZ
i, EAEEZBECTAF VI VHNE 45T
TARRRERFBEC L 2GR 2 2 ER2RLTWS.

RA NPTOEY (BAKEEK) XD KRRTEH
KGO KISHE L EDOREET 2D 5 5 . 240~
265 K O REIC B % n-propyl & isobutyl D 7 &%
NVEOWYHE (1 XRETHERYTE) 2K, 7=
v X 7uy b~ (Fig.5) W~ L7 (Kobayashi et al.,
2012) . B TR U7z n-propyl 7 ¥ 4 )V Dk E I
X, BokEEAKIC X AR ERITAONT, EiE b
IV F—H KT 34+3 k]/mol, E/KT 39+5k]/mol
LY, HEENTRHRU -7, %7z, isobutyl DA
X n-propyl ICHERTEL %55, LT v
F—1E35E3k]/mol L KEREIF L, TH6 HEE
HNT—HLTWwWE s TIWERER ST, 22 &

3 T T T T T
O
—~ 2.5+ O D{r .
>
S’; L
2z 2t 1
17}
c
Q
£ 1.5+ .
1
7]
w
o 1 i
=
©
Ko 0.5 O sum of both radicals i
x v A\ isopropyl radical
@ n-propyl radical
0 1 1 1 1 1
0 50 100 150 200 250 300

Annealing Time / min

Ha4: x5 r+7unBENA Fr—1F (HEK) TO
0K BT 2 2EO 7OV T Y HIVEEZ DR
D%k (Sugahara et al,, 2012). @/ Vv~ aE )L
TZIN, ANFAY7aeNTIhn, iF7aenvs
VAHNDRERERT .

Fig. 4 . Representative results of isothermal annealing
experiments at 240 K in methane + propane mixed
hydrate with D,O after gamma-irradiation. @ stands
for n-propyl radicals, A for isopropyl radicals, and [
for total number of propyl radicals. Reprinted with
permission from Sugahara et al. (2012). Copyright
(2012) American Chemical Society.

&, = R H — K

X, TVFENTIHNET A NFFDT— Y ONAHE
WU THAERT 2O x 301 —[FEEED, KFEFRFH
BRKIEORI DR T SRR ZFELBEREL > TVD
DTH»HEFHEzZohD.

TN T, KRETFBHRIGZEDL S LET VD
». FPERTEH 228, BIRTHZ T3 ET VEHNT
T5. 120K DL %EETIE, 7VFILTYHILPK
SFOMEENIFER T, TUVFALTI VIV EESHT A b
SR -V ECEBECHEI N TWwL EFEZo6N5.
FELAE b, STOEIIERICRY, £lor—Y
ERERL T 2K TR OEE b K& {02 2 L3 TR
ENE. ZOLE, IVINFEEBETZ 7 —Y DT R
N F & OIRREDKRIEFRER G 2t 2 ¥ 5 FRfk T
DLERDHE 2, KIGHEL DO T RO»EFHFZ T
%

HANA RV —FHNETO T VI NVFEOELZED —
HEOERIL, BHET 2y —VICHEINTWE T A My
TRITHS DIHAEERA L TWAETEHS M L.
3.3 KXEREFBEDEICRONDZIAIKIG

AZUNA RV =T, AZUDOERTZ ATV
FIOWNBERT Y ANEE L BRI E N7z (Takeya
et al, 2004). Z DL EM,EEEL OFES T TR~ L
225, XY UNA RV — MR E B E 15
(#2110 MPa, 200K) TH XA F VT HiF 2 KK
JRIZ X VDT B2 EHS»E %57 (Tani et al,
2006, 2011; Ishikawa et al., 2007) . 7z, XFILT %
VDA HE % 160~220 K D BEETHHEL 7 v =

0.01

k / min-1

0.001}

—O—isobutyl radical (D20)
=0~ n-propyl radical (D20)
@8 n-propyl radical (H20) [4]

0.0001La s s 1 PP BPEPEPEPE B

3.7 3.8 3.9 4 4.1 4.2

1000K/ T

R5: AZFEFEMCL 27V INVBIEREDT V= A7
v b (Kobayashi et al., 2012). lIZ7 0/, 4 R —
b @K, CF7a g Rv—h (EX), OFA4 Y 7
Z oA Rr—h (8K OFRERT.

Fig.5 - Arrhenius plots of decreasing rates for #n-propyl
radicals in propane hydrates with H,O () and D,O ([J),
and isobutyl radicals in isobutane hydrate with D,O (O)
after gamma-irradiation. Reproduced from Kobayashi et
al. (2012).
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270y MIRT E, B o FHABEERFET, &
P AV F—H R L (21£1k]/mol) TH 5 Z &»
biroitz (Fig.6). 7z, y HMBEFEAD ALY A F
V— MHRBOSE R RIS TH LI 25, =¥
YOERPHERTE Iz, AFNVITIHVBEIL T2
BEETIE, 2hS 07 Y VEREIIShENn &
HFEET D E, XFIVTIHNVIE I 2HTHEMNLIAE
FRTFRBEIRIGIC L D B Exy g R v — FRE%
PEHL, 2200 XF NI VhNIRE—T % BILKIGIC
IVZF BB ETRERALTWEEEZSNS.

EHIT, AFINVT Y HIVOENEE % BRI TN
M (Fig.7) Lice 22, Wbz AL F -1k 235K
UTFTIi320.0+1.6k]J/mol, 235~270 K T ¥ 54.8+
5.7kJ/mol L IRETE DL B Z LB bhoiz (Takeya
et al, 2005). ZOWEHLT 2V F—i%, KEH TIE »
Y UNA R — K E XY VW AGRS 23R>S
NE— (18.13~23.37k]/mol) &, BRI TIIAKED X
RS By v — (54.19~67.85 k] /mol)
E X PR AR LY. (De Roo et al., 1983; Frost and
Deaton, 1946; Handa, 1986) . fiEdsk & > 2 & KA
TTHD7:0, WERODKAPFET 203 EL T LWL
W, DY RAFNVT VA NDOEBALKIGII T T D X
FNTIANPNT =V BRI THERND L Z 5,
KA MUDKZEREEN 235K (LTI & D% %E L
TWAHREEDMAZ 5 .

WESNI: 7 Y ANEOD %8BS —#HDOFERIL, Z
CHNENT =Y SRITHL, ZYANVEILOE—K
JSHANA RV — MZBWTERI > TWwWb 2 L ZRE

Temperature (K)

22 2 1 160
01 0 90 80 6
B 10MPa
75 1MPa
A 0.1 MPa
<& 0.01MPa
oot f O 0.003MPa | |
£
S
Z
QO
<
0.001 |- -
0.0001 - : .
4.4 4.8 5.2 5.6 6 6.4
1000/T (1/K)

R 6: gy BB A Y N4 R — b ICBESRNZ AF L
IO ANDERDEN T T 2WOPEEDT V= XS
o v (Ishikawa et al., 2007). XF V7 Y hnik, B
EFOFTEUCHETHAI L TwE 2 edbh b,

Fig. 6 . Arrhenius plots of decreasing rates for methyl
radicals in gamma-irradiated methane hydrate under dif-
ferent pressures. Reproduced from Ishikawa et al. (2007).
Copyright (2007) The Japan Society of Applied Physics.

LTw5.

4. £EH

FARRAEAKTENA B L — MzB W CiEH BRIz X 0
ERTATNVELT O ANDOBERTTS 2L THLME
Kole, TIVELVTI I NEN LT A NoTRITOK
HEFBENGR T VE LT VA NVDOE—RIGIZDOWT
BALT., 7VELT O ANOREEIC L VIREIZRL 2
B, BRZIODEEBRTILEDIERDEIIITRS.
BRI TIX, 7VFLIOH NI —DIcaBEINS 2
ETREESNG . PIREBTIE, TVFVT A VIEEE
BLIr—Y07 A Ny TFEMEERZIZCYD, KEKE
FREIRISGICED T VFLT A VIER» T B, b
L BT 2. BiRETE, 7TVFELIOHINET—
VERIHL, ZVINVOE—RIGICEDELST S, Z
D EE, BEBICED 7 A NS TRITHEERL S %
ZERRLTWS . SHBEFTANA v — NEFOEE
SEBRLTVWELWEFHZ TS,

HEF

KEFFRIEZ% K OFEE L ORFAMFEOFERTH L. %
7o, WREDR Y v 70%En o DBEEREmE Wz
72Tz .y BRI CIXRBROR A RE SR A ST O i H K
CIARKIE, @S ESR FHEITCIXSFRERIC SHnw 7z
Pt ZZIWCEHT 5. kB, AWSRIEFE JSPS B
T 21686084, 21246117 OBk =527z DTT .

Temperature (K)

250 225
10° ¢ , ,

3 I 20.0*=1.6 kJ/mol
g0 3
A e
A
1L e §

& ]
[54.8 5.7 kJ/mol
]01 L 1 R 1 1

" 1 "
3.8 4 42 4.4 4.6 4.8
Reciprocal Temperature (1000/7)

R7: y EEBRICA Y A FU— b ICBZEI LD 2T
VIO HNVDBPEEDT7 V=7 X710y  (Takeya et
al, 2005). XA FNT O H NI LEELT RV F—
X, 230~235K 2B LT 5 2 b .

Fig.7 . Arrhenius plots of the decreasing rates for methyl
radicals in gamma-irradiated methane hydrate at 210~
260 K Reprinted with permission from Takeya et al.
(2005). Copyright (2005) American Chemical Society.



192 7 B oL E K K, K

SE

Bednarek, J., A. Lund, and S. Schlick (1996) Unstable inter-
mediates in X-irradiated clathrate hydrates: ESR and
ENDOR of tetramethylammonium hydroxide pentahy-
drate (TMNOH). J. Phys. Chem., 100, 3910-3916.

Cha, M., K. Shin, M. Kwon, D.-Y. Koh, B. Sung, and H. Lee
(2010) Superoxide ions entrapped in water cages of ionic
clathrate hydrates. J. Am. Chem. Soc., 132, 3694-3696.

De Roo, J.L., C.]J.Peters, R. N. Lichtenthaler, and G. A.
M. Diepen (1983) Occurrence of methane hydrate in
saturated and unsaturated solutions of sodium chloride
and water in dependence of temperature and pressure.
AIChE ] ., 29, 651-657.

Frost, E. M., Jr., W. M. Deaton (1946) Gas hydrate composi-
tion and equilibrium data. Oi Gas J., 45, 170-178.

Goldberg, P. (1963) Free radicals and reactive molecules in
clathrate cavities. Science, 142, 378-379.

Goldberg, P. (1964) Stabilization of free radicals and
reactive molecules in cavities of the water clathrate
lattice. J. Chem. Phys., 40, 427-432.

Handa, Y. P. (1986) Compositions, enthalpies of dissocia-
tion, and heat capacities in the range 85 to 270 K for
clathrate hydrates of methane, ethane, and propane, and
enthalpy of dissociation of isobutane hydrate, as deter-
mined by a heat-flow calorimeter. J. Chem. Thermodyn.,
18, 915-921.

Ishikawa, K., A. Tani, T. Otsuka, and S. Nakashima (2007)
Transformation of y-ray-formed methyl radicals in
methane hydrate at 10 MPa. Jpn. J. Appl. Phys., 46, 455—
460.

Kobayashi, N., T.Minami, A.Tani, M. Nakagoshi, T.
Sugahara, K. Takeya, and K.Ohgaki (2012) Inter-
molecular hydrogen transfer in isobutane hydrate.
Energies, 5, 1705-1712.

Koh, D.-Y., H. Kang, J. Park, W. Shin, and H. Lee (2012)
Atomic hydrogen production from semi-clathrate
hydrates. J. Am. Chem. Soc., 134, 5560-5562.

Miyazaki, T., N.Iwata, K.Fueki, and H. Hase (1990)
Observation of ESR spin flip satellite lines of trapped
hydrogen atoms in solid hydrogen at 4.2 K. /. Phys.
Chem., 94, 1702-1705.

Ohgaki, K., K.Nakatsuji, K. Takeya, A.Tani, and T.
Sugahara (2008) Hydrogen transfer from guest molecule
to radical in adjacent hydrate-cages. Phys. Chem. Chem.
Phys., 10, 80-82.

Peiser, H. S. (1960), in Formation and Trapping of Free

2 R H — K

Radicals, A.M. Bass and H. P. Broida, Eds. Academic
Press, New York, 301.

Rice, F. O. (1962), in Free Radicals in Inorganic Chemistry,
Advances in Chemistry Series 36, American Chemical
Society, Washington, D.C., 3.

Sloan E.D., and C. A. Koh (2008) Clathrate Hydrates of
Natural Gases, Third Edition. CRC Press, New York.
Sugahara, T., Y.Kobayashi, A. Tani, T.Inoue, and K.
Ohgaki (2012) Intermolecular hydrogen transfer between
guest species in small and large cages of methane +
propane mixed gas hydrates. J. Phys. Chem. A, 116,

2405-2408.

Takato, K., A.Tani, T.Sugahara, K. Takeya, and K.
Ohgaki (2011) Decay mechanisms of radiation-induced
radicals in sulfur hexafluoride clathrate hydrate.
Physics and Chemistry of Ice 2010, Hokkaido University
Press, Sapporo, 261-266.

Takeya, K., A. Tani, T. Yada, M. Ikeya, and K. Ohgaki
(2004) Electron spin resonance study on y-ray-induced
methyl radicals in methane hydrates. Jpn. J. Appl. Phys.,
43, 353-357.

Takeya, K., K. Nango, T.Sugahara, K.Ohgaki, and A.
Tani (2005) Activation energy of methyl radical decay in
methane hydrate. J. Phys. Chem. B, 109, 21086-21088.

Takeya, K., K. Nango, T.Sugahara, K. Ohgaki, A. Tani,
H. Ito, M. Okada, and T.Kasai (2007a) Electron spin
resonance study on y-ray-induced ethyl radical in ethane
hydrate. Jpn. J. Appl. Phys., 46, 3066-3070.

Takeya, K., T. Sugahara, K. Ohgaki, and A. Tani (2007b)
Electron spin resonance study on y-ray-induced radical
species in ethylene hydrate. Radiat. Meas., 42, 1301-1306.

Takeya, K., A. Tani, T. Sugahara, and K. Ohgaki (2011)
Thermal stability of radicals induced in xenon hydrate.
Physics and Chemistry of Ice 2010, Hokkaido University
Press, Sapporo, 267-271.

Tani, A. K.Ishikawa, and K. Takeya (2006) Thermal
stability of methyl radical in y-ray irradiated methane
hydrate under different pressure from 0.003 to 1 MPa.
Radiat. Meas., 41, 1040-1044.

Tani, A., K. Takato, T. Sugahara, K. Ohgaki, and K. Ta-
keya (2011) In-situ ESR observation of methyl radical in
gamma-irradiated methane hydrate under high pressure.
Physics and Chemistry of Ice 2010, Hokkaido University
Press, Sapporo, 273-276.

Yeon, S.-H.,, J. Seol, Y. Park, D.-Y. Koh, Y. S. Kang, and H.
Lee (2008) Spectroscopic observation of atomic hydro-
gen radicals entrapped in icy hydrogen hydrate. J. Am.
Chem. Soc., 130, 9208-9209.



