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Structural Transformation and Guest Dynamics of
Methanol-loaded Hydroquinone Clathrates Observed by

Temperature—dependent In—-situ Raman Spectroscopy
Nam Byong Uk

Department of Ocean Energy & Resources Engineering

Graduate School of

Korea Maritime University

Abstracts

Hydroquinone (HQ) clathrate is one of the inclusion compounds formed
from two or more molecular species and associated with the enclosure of
guest molecules within hydrogen-bonded framework formed by the HQ host
molecules. The crystal structure of methanol-loaded HQ clathrate was
checked by X-ray diffraction and nuclear magnetic resonance
spectroscopy. The structural transition from methanol-loaded HQ
clathrate to crystalline a-form HQ was observed by in-situ Raman
spectroscopy as a function of temperatures. The vibrational Raman bands
at 1160 and 1600 cm' were used as an indication to determine the
structural transition of the HQ clathrate. Temperature—-dependent Raman
measurements showed that the methanol-loaded HQ clathrate is stable at
temperatures below 380 K and gradually transforms to the crystalline
a—form HQ between 380-410 K. At the transition region, we observed a
dramatic decrease of the O-H stretching Raman band of methanol at 3627
em', indicating the rapid release of methanol molecules from the HQ

clathrate framework.
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1.1.1 7}&3to] =8 o] E (gas hydrate)

ZhastolEdo]Ed AR - ALk A FahATeR A" B A
(host)®] &&(cage) = W&, ofitstera A4 §3p 22 7h=EAHguest)
7 2ol7t = A AR B Al e d8He ERHIFEEA
AW Ao A AR W e EES Holal .

% 1-12 A7k spol=dlo] E(Natural Gas Hydrate, NGH)S] 3] Al &
FIE Yehal v, o]@How dejN-I g oF 17081¢] 7k
it HAvkau WE vk o] A A el ujg- a&H o
Z ARgE 4 2t (Sloan, 1998).

Dissociation

EE—
PR )

Formation
Gas hydrate Water Gases

¥ 1-1. NGHe| 2ste] me H3] v

7t Sol=golEe] AR FFL Jeffreyst AlQrer Mol 3] nin'=
7E EFe] §3PonE 5% 5%, 5%, 5%, 4%5%%] 9om, 4=
5767 12709 5748 W} 27)9] 678 Woz o] Fojzl 14l BES
t(Jeffrey, 1984).

ol EYo|ES FA e AATERE TEol EHEE vk BEAe A7
of wz} McMullan and Jeffrey’} ®det 4% 1, Mak and McMullano] =713k
TZ II, 123 Ripmeester 52 A7l oJ3iA w3zl F+x HeF o] A
A ZMA R FREw, 7 Fxe] A4 54 sty FxE & 14 U
eIt

i
2 kK

=}
g

_



H1. stol=elolEe] o] A 54

Hydrate crystal

| I1 H
structure
Crystal type cubic cubic hexagonal
Space group Pm3n Fd3m P6/mmm
Lattice
a=1.293 a=1.731 a=1.226, ¢=1.017
parameters(nm)
Cavity small large | small large | small medium large
Cavity type 5 56 5 56" 5% 4%5%° 576"
Number of
o 2 6 16 8 3 2 1
cavities
Average cavity
) 0.391 0.433 | 0.3902 0.4683 | 0.391* 0.406* 0.571°
radius(nm)
Variation )
o 3.4 14 .4 5.5 1.73 Not Available
Radius’ (%)
Coordination
20 24 20 28 20 20 36
number®
Number of water
molecules in 46 136 34
the unit cell
Ideal
6X - 2Y - 46H,0 | 8X - 16Y - 136H:0 1X - 3Y - 27-34H:0

composition?

00 T o

7 indicates the 4°5°° cavity.

. Estimates of structure H cavities from geometric models.
. Variation in distance of oxygen atoms from center of cage.
. Number of oxygens at the periphery of each cavity.

. X and Y refer to large voids and 12-hedra, respectively;



sto]l=dlo]E x-S McMullan and Jeffreyel]l o8] ofg€dl 2Alol=29] XA
A A4 B AT (cMullan and Jeffrey, 1965). 13 1-29} o]
TE 19 718 e 1,203 mo] AL 7P, Z2 FEel 2719 1294
(Pentagonal Dodecahedron:5%)¢} & %< 6719 14WHA| (Tetrakaidecahedron
5762 AR . 2 BEel 12dAE i sol=gol e T

A= I, 7= IO, 73 Hol 84 eR 35 gle F35 A 9
8 S 7P 2 eATAlels 247k 0-0-0 AgH7H(109.5° )& 7HAAL )
o 2 Fedl MWAs shvhel S74g wel| 7h7te] .74d wio] #ogle

=

Mol Hog PAgH Qo Fx [, 7% [I& olF+ 53 <o 7P v+
Hel PEjE AYa o, o]Hd FFeR oFo Fx 12 T4 A9
5.5° oA 124.3° A}o]

2 AP A Z(tetrahedral angle, 109.57 )ollA Hy 3.7° 9 HAE 7[R
W, Fejs WA (cubic)FEo]Y, @ AAFe] A7]+= 1.293 mmo|t}h.

b o w 7kl 70l 0.58 P REQl gk, ofgk, Hi o]ibstEa 5ol



2(512) 6(51262)

6(5'262)-2(5'2)-46H,0

a9 1-2. F M9 5% 533 6719 5'%° B3 oZ o]Folz
stol=glo]E 7% 19 A4 Tx



Mak and Mcmullanol 2]3} THF(Tetrahydrofuran)®} #3545 XA & 24
3 Ay} gEd slelmolE F& M 13 1-3% o] tololE= e
AANE 7AW 16719 128 A (529 8719 16WA (5962 Ao 2 th(Mak
and McMullan, 1965). 7% MolA9 z& Fa<l 12WA9 A9 +x oA
o] 22 T3 2 FHEolARE & 1A FAE = %ol Fx2 IE TS
WA T2 WA oly & FAk9ke] Variation Radius?7} 73 1 olA9] 129
e} o]z}t As & T U, ol 7% 09 2 T RUAZE 7%

19 2 B33} AFs NEFl 4717 Wl T NAAY 2 53

Y0
rr

Sfol =0l EE o] F = vl 1A 9] FF FolA 7MY S wa gl o] &
3 2FER o]Fojd X Iy 422439 ZAol7l 0.2767 mmoll A 0.812 nm7}t

2 Waty, AZZFS 105.73° oA 119.87° AlolZ AFHA|E oA Ht
07 9 AXE MR A Wekek, FFE T OBEsk 1Y upEbAE WA -
A7)+ 1.731 o], ZF2=iEAEe] 27 e] 0.59 ~ 0.69 nm

N T2 o]AH-E(iso-butane), ¥ 5ol £ OE o]F= 7kl &3



8(51264)-16(5'2)-136H,0

a3 1-3. 16719 5% B#37} 8719 5% BFoz o]Foizl
slol=go|E & 119 AA +%



(n-butane) Bt} 2} H Aol & EAEL 71~ dlol=
HolEE 7R HEottfar & $Eou} Ripmeester 52 A7xo] wd

AgRIG o B Axy) FH BRI XH 5 2AE A

e
rII.
)
lo
O
b
[t
mE
r&l

H 2 Y3 M (Ripmeester et al., 1987). 7+& H+ 19 14
o} Fe] 3719 12U3_i4](512), 2709l v 129A(4%5%°) 2 170 207 A (576%)
o AFom FA4H Y. FE He 7% 1, 72 Do+ v=7 32
T T FE ol9ol T TS JHAAL ol Al Y sFoE o] FoXl
SWAA FX2E olFH, TV AoV feiM e 2FF ol TtEEA
(guest)7F EAetofof 3o}, 52 HE 22 s 7% Ooe 29 7% 1
ANAe] 22 T3 F2 WAEES THAE AoRE dHA dow & HRE 7HA
39 F=7F B 129 A (4°5%%) = Ripmeester 59l 3 A=S B3 A}
7] ¥ F A4S &5t 539 A7I7F #RIE AT (Ripmeester et al.,
1988). sfol=eolEE TS HAl 7HA % T 7P & el 200A=
02 T35 Hu vl 0.1 mm ol AW, =9 van der Waals A &5o2 F

7o) 0.571 el Ao = d&HA vt T+ HE FAst= 4=

© WEAEZAL, WHAIZ 2R, vt Fo] STt



OQ

3(512) 2(435669) 1(51268)

1(5'268)-3(512)-3(43506°)-34H,0

a8 1-4. 3709 5% HF3} 2709 475%°, 1709 5'%6° FEow o]Fo]H slo|=go|E
Tz HY AA 7x

_10_



1.1.2 slo]=2F+= (hydroquinone)
p-tslo] == A HlAl (p-dihydroxybenzene), #F&=(quinole) H+ 1,4-WAlt]=
(1,4-benzenediol)olg} &l slo|=2d] =2 A&7 &3 HIFE /7=
2 3} 2 Cly(OH)20ltt. HlAlaze] o] spe} f]A]e sfo]==A17] 5 747}t
of A= FxolH, A2, 7l T NGAAGEUE At stol=wF
e =

o 19459 o] spao] wekeolN AR A7 HAmolA sol =

e us A 2 T xHIg=EAY TFeAdel A7 (Ahn,

a4 1-59 ()= =% a-dfo|=mF =] F2E U AomA A,
ouble helices$} 9
o] sEoE FH o aste] FHE FAAZIE dEoly v e
22 A FAES 7He T dohMock et al., 1961). B-3fo] =27 =2

AFaE FAREN o NBRA, B, W@, Fh S 2 A B4 A

)
N
2
PN
A
=2
2
=
o
r o
ol
p‘L
=
4
b
b
i
o
fil
32,
Sl
2
2
=

h

B-stol =2 +=2] frameworkel]l WA ExA}7}
ERAEA oA kg or BHEE FAE = 9vh(Palin and Powell,
1945;Van der Walls and Platteeuw, 1959). 1§ 1-5 (b)olA] e npe} 2
FE = o]0l cagedll AAEAEC]l £ HO B-3}o
E2de ¥3RES S €vk(Palin and Powell, 1947;Powell, 1948).

-

s
e
I
o
>
N
N
Ho
)
oft
Lo
of
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% 2. gol=zdre) BYses 44

Properties

Molecular Formula

CeHs(OH)-

Molar Mass

110.11 g/mol

Appearance

White Solid

Boiling Point

287 C (560 K)

Melting Point

172 C (445 K)

Vapor Pressure

1 mmHg at 132 C

Vapor Density

3.81

Density

1.3 g/cm’

Solubility in water

7 g/100 ml at 25 C
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Meree FATEGS £84 §o0R 1619 ZHE nolehs A
o Azz WANUT. HOHAL CHOHE AA7)o] sol=S 7100, F4t

7D7F &2 deeltt. HleA2 338 K(65 CT)olm BT 7.91 ke/cf, 571

2 20 CellA 128 mmHgolth. 8= 20079 71 oF 43WF o & At 3 ~

4 %o gk o] A &HHA 9lom, 53] At ik A7IstE WA A

Al Aol SRy =7F g 7] Sd AR FAdeta Sl ke £

E A A FEE d4o] sobAa k(A4 <], 1999).

ek 19709 A sbs Al ) Apsake] dBEA e Abge] HEHS
o

o} fksHE) AhEd A ) F4E wel we A s

m, o] F AEEE 0@ Aol A FuHAAT. zely 477k A
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2.2 High resolution Powder X-ray diffraction
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2.2.2 AgAv] & qd

B =RxE a8 2-2¢9 ¥37E7|AFAe 802 beam-line high

Bl 2Uad e 0§

aodok. o] ®oEele] 5L exxd AXE zZEEFa 9ol 10-900
K(-263-627 TCT)7hA1e] 2 2% W9 WolA HAo] 7hesirt. Fdome
Bending magnet E}}& AR&stH, Hd oHYA|= 2.8 keVolth., AZE7]+= #1
AMEY #7 7HA Z T7F 21%9] HE THAAL FAlCl 270ET] vl wihE
AIZE ol Alg FAo] Zhestth. & ATollA = #2-#7 74 671 AEVE
AFE3F T}, X-ray diffraction® calibrated wavelength™ 0.15496 nmo]|™,
step length:= 0.01° |, fixed time2 1 sec® 3&te] A5 9 34 1L =H3&}
% t}. Phase identificatione 9384 CMPR X =13 (Toby, 2005)< |83}
o Az} A=(unit cell parameter) & AlFA<Ql AHEL EXPGUI 7] A

(Toby, 2001)& Al&3}e] =89},
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a9 2-2. XP7HE7)AF A9 8C2 beam-line
high resolution powder X-ray diffraction
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2.3 Nuclear Magnetic Resonance (NMR) Spectroscopy

2.3.1 4344
N 217] & (Nuclear Magnetic Resonance, NMR) <£]4- #7174 sol] =<l ¢
Ay 54 FakE 7R A7 ap Apelo] @A sk B8l el
AR o5 FFHAY WEEHE dUARSH =4 WY AH 21S

T AT AR 23S VA e A AR s A
Al k. o' o] 23 e ;e afFE e A)ES THAA Hal ¢
ol A A71de dolF 2 Ao ek 2 ko w 3o {1
of AHHT. o] W Hrjen Fro FiFE

H
T
B 2We qUAT Wold 9% A7)gel Aud) WFow 2u FHES W

9

F.‘v;,
[UO
N
N

|
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generator
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% 2-3. NMR #3719 7|&4%
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2.3.2 2374 2 Wy

As el VI EASALAT KBS S Bruker  DSX400  NMR
spectrometer (L9 2-4)5 o]&3}3t). o] AWM= A4 E] #atk oflvgl Sol,
Gel, Aol & AA, 71A, nAZH F2E 54 5 thge
A0 7hset FAPAY A S 2A Kok B4R 24 0] Jhsete] 7
AAe] 32k Fxok EEAdd W3 ARE 7 5 v AF Ve 2k ®
9= 5-277 K(-268-550 C)7HA] 7hest wholA=on A& F3 dvlolHE o
58 4 Ao, B A= g Fug=(Larmor frequency)ES 100.6 M= A
ato] AP NyPsvh. slol=m = o] Weke o] g gsiA C
cross— polarization(CP) NMR 4 S AAJeth. A x3 WS slo|=27 =
ANBEE 4.0 mm A7 zirconia rotore] Y3 T Alg9 BHES Yafa] 240
Kol 2kolA SAHE stk AlFAd A3 o= 300 KolA e ogh
3}sto] 5 (chemical shift)gke] 38.3 ppm¢l adamantineo] 7|FEZA = AFEEH A
om ¥C (P NMRE pulse length for proton®] 4.2 us, pulse repetition
delays 3 s, contact time< 2 ms% =4 AL},
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a9 2-4. 72 A dAT99 400 M Solid State NMR
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2.4 Raman spectroscopy

2.4.1 A3 Y=
Wol oW wAe FuhE w wWe| AR Abwslo] Wd Yapeld olds v}
2 ggow Adssd o u AgE we dde JuAE 1g a9l

7% spARE A "o ouyAET AAY B2 odUAE 7RI A9k 3l
% 2-50 R whel o] Abgrd W F AP dUAE IR FA5d
A abeE= A4S g de] A (Rayleigh scattering)o]2h dtal, AUAE 2L
Ay QoA Atk = A S guk Abeh(Raman scattering)olghal g,

! » Stokes-Ramanscattering : vq - v,
=
=

Rayleigh scattering : v,

= T_—
b \ Anti-Stokes-Raman scattering : vy + v,

Al "ol A7|E Fyugro] wrE u](band) &S WFEZA ¥ (series of

peaks) 2 EAFE ~HAEAS o3 dut BPte RAe A% AAEYL
=gstel BA9 AF T2E ATHAY B4 44, 4F B4 ol gHw
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Z It 2RO of 1 X| o YR ZtASD Zeo A HXI = FH8
SEE HEX S EXto WXl FIHEECEH EXY A {R g Zh4
EAte ZIFEHo| 7t Yot xt%.oqyl AMEfOl Q1B 2 A}
HICHAMEH 2 G oi &l
va,
= = =
@ ; .
4 V1 1
Rayleigh scattering Stokes scattering Anti-Stokes scattering

2% 2-6. 2 ARe] mAE

BAE A Aot ANFAS wke W BAE o}y gel(excited

vibrational state)2 5% AFE|7} =31 o] 7] AJEje #x= Al 7FA] 714
=

w Abghe = dlo] Hde] 4k
RNeThe BEFoEN IE
qUAE SAET. ~HAEHE Akgtd do] #del Abghe] oiE] dwprtE
2 ¥A|3HY o] Raman shift= 49 A& T3
SFE Ol A= AR F7F Xs 7] AdEfel Q)
T TAET ®27] w1 2-73 o] stokes &7} anti-stokes EYH
o A Yey 2FEGA o & RS EAY. wEhA gt A9 Ed
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Stokes "2Y'€197/ Anti-Stokes

-~

g Laser >
i ‘IT
=t
R g
2 . |
w
c
] |
o)
c
B |
Ve
3 A
L | EE
i i
1000 00 500 400 200 0 -200 -400  -gDD  -B00  -1000
Raman Shift {cm1)
11740 11940 12140 12340 17540 13740 12940 13140 13340 13540 13740
Frequency {cm}
852 338 824 3100 /909, /is6 2\VT1is 761 750 739 728
Wavelength (nm}

a9 277, AlaEkas] AEe A9
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2.4.2 AFAY = ¥

a9 2-89] 29t ¥4 7](Raman spectroscopy) AlAElS 7t Flo]Ego]E Ul
Fr7lEde] gut £ SHES 98 T2 A Ao=® o] FUo=E 532 m
o] &3 150 mWe] &S 7FA = Nd-YAG(Neodymium—doped yttrium aluminium
garnet) LaserE AFg3lt), #o|x7F A2 E wit Algd =gdA H3d < 10
el A712 AE F A5 BAEs 7] A71A Enk. o] uf #o]Ae] H
< FAA717]1 #1380 Mitsudoyorke] %1 =7 A (working distance) & 7HAI+
20819 "W=EE ARESIITE. Ed 7] (spectrometer)dl= Al FRFe

grating(300, 1200, 1800 groove/mm)°] WA Eo] low  HEV

rr

Multi-channel air-cooled type2] CCD detector(=75 C)E A}&3dle] Al59] =
A A G5l golstr). 2o Hokwl= Aol CMOS cameras g ESho]
ANE5E AR AR 93 4 ol AA DA (Liquid Nitrogen)E ©]-8-3t

o] A9l -196 CTHE 600 T7HA 2% ZxHo] 7153 2% x4 ~Ho|# ¢l
THMS600 R E-S o] &3to] A2x7elA HAS stofof et 7k~ stol =1
olE AR 4 T 7l dolnyolE W {7|E] AWEE #FsH] 9
2AYE 7hsstnt.

B oAFgAE 532 me #@o)A ek 1800 grooves/mne] gratingS AF-&3ho]
S Ea5(0.1 an DS 7FAE 1000-3800 cm'Abole] et W AES 8535

g
g
m;

i

38

t}. %3k S/N ratiod] S7FE 93l Exposure time= 1 sec, Accumulation time

< 532 AAste] AEE st 7] AddA e stolEE2F = o] W

! BHANA S-S A

omn, wgh&o] ¢hgd o] mholS 9)s) THMS600 FuE o] &3ke] 300 Kol Al 445
<=

AIZL #1083 oS AlA P E 5 SAsE U

lo,
Ho
-

=)
2
i
o

=l
Hu
il
foh
ro, o
_OL
Ho
o)

2,
rfo
=
~N
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1. CCD detector

2. Nd:YAG Laser

3. X¥Z sample stage
4 Sample

5. Aperture

6. 10X eyepieces

7. 20X objective
8. CMOS camera
9 PC

10. THMS600

11. LN bottle

12. TH4-200

10

13
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A3 AdZEY 3 B

A

3.1 3tol=2d= Wl AeE £ /5 &<
3.1.1 XA 3EEAS A7
(600) e
(710)
(&N (811)
5
© (220)
% (021 (621) (930)
3 541
ﬁ (410) (330)101) (541)
£  — (@
E (110) {211) (131 (410)
m
= : L A
@ (211)
e (131)
"
(110) | -

12 16 20 24 28
2 Theta (deg.)

a9 3-1. (@) aTF9 slo|l=2F:=, (b) empty-B 139 slo| =2 =,
(0) BT&2Y slol=2F =9 XA FHEA A3}
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% 3-12 slo|=2F ol vweES EAA7]7] oA M AF= zlegsh
TZY SPolER =, BFRY StolEEF =, empty-B TR So|ERF =
o] XRD #eolt}. A F3l 3k gty ojv] ¥R sto]=2F] =2 crystal

data® material studio 2.1 RIS o] &3l o]2Ho =z Aikd Zhzte]

z9o BF aTxY stolEmmF =] AAEAE FUFOEA X7 HHY
Ae2 XRD S Fall AT = o, BEe empty-B 7% sho|=wF
=0 XRD HEE v EE FT9 Y7} FAEA N 22 2 9] x| o A
Intensity®] 27} e &0 & o Sd=d o= sfol=2d= & el 7
A7pz=ol F27F £F Ol S W(BTE)ek WU § FEol HAS o
(empty BT-3)e] slol=2F= o] e Ao By7l wahy] wiielr
(Boeyens and Pretorius, 1977). XRD HH O ZHE empty B T7+FE Z2AA 7=

il

il

ST = I~ o = = (e} e) 3 =]
IHT 7 e FEe A8 A= Il
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Scaled Intensity (a.u.)

(110)

(220)

(300)

(211)

(021) }
(101)

(410)
(131)

| 1 1

12

16 20 24
2 Theta (deg.)

a9 3-2. wEkE stol=m =] XAl 31 A
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a9 32% AW ATE AP F FAY B UYOR HosaAee vg

o FPAIZ T QUAAE 100 mm ostE BT Alme] XA FH BAS
ol 53 Aeelty. a9 3-13 HluElS W a7Ees Y R, E
T empty-B7E] ¥ A% FAR RIS ERlEglon Bk Ak gls

A&l dal AgeF 22 o sE AR crystal dataE material studio
2.1 TR A&atls w AL e vl A3 wesS ol&ste] B
x| stol=EF=o] AAHASTS A T W FQleith(a=1.6619 mm,
c=0.5504 nm). ©]i= o] AF+(Lee et al., 2010)¢} vl 2 Ay} FAS 2

e A5RLS BAT 5 YT

S OO
=T oRTE =
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3.1.2 9] 9 BF =3 A3

2 b (2)

Intensity (a.u.)
F——

A N =

A _JUL \

f"f} T {C]

I T I .
160 140 120 60

Chemical shift (ppm)

1 3-3. (a) o729 Fpol=2F, (b) Wik B2 Sto|=R2 A,
(c) empty-BT-% dlo] =27 NMR S A7}
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O 332 Ad AR AR a2 spol=RFi=, vEe] XHE B
Fo] slo|=ER2F=, empty-BTEY Fol=2F =] NR dHEo|th, 7tEFHE
stebd  oles dERHaL lew @l ppmolil, Al2HES AzAY
(intensity)E A1 @91 arbitrary unit(a.u.) o= YERNAT. 1

A #A% 4 91%0] 100 ppnat 160 ppnitolo] A Shol =2 A Al A &

A9 9A2% 0 NR 2HAERS FA FAT 5 Atk 53 o2 7
9 pFzs} vjaste] ol Wi AolB wol: AL FHAY & Atk O NR
<

HEHL QA A 7§19 resonance lines H.o]+=H ©]+ centro-symmetric
R3 725 7= BrEe stel=rA = Solde Al Y AR 4E
A dzkEel ofs "EA "

B9l empty-B 72T ARG I A FEHE HolARE BFR Slol==
47 52.4 ppme] WS IS HelH wgte] E3H BF9 Ffo|E
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Intensity (a.u.)

3 I

160

i I T

140 120 60 40
Chemical shift (ppm)

Oy 3-4. v slo]=2F=2] NMR 54 A3
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o= Wege ¥HFFE st
2= FC CP/MAS MR A& AANEh. 2 A3
BTzt FAME A2 d& F ATk 53 PC NR A EZ] o) e}
Y resonance lineolA] 3 A A
€ 150 ppmell A ElEqom vhd
= %3}04 73;@6}%_4]0

7 A7 (Ripmeester et al., 1982;Corvish et al., 1984)Z

-

2 UE F slol=mA wa dxjel o3 Aywm wS #Qleivt. Cage
occupancy 9t guestitAte] A wWisle] wE 38k o]s e AH(1.8 ppm)=
BTz wgk sol=RF = FARE e ZRRTh. SRk FCogkelel A &9l
g 52.5 ppmoll A 9] @2 BT Stol=mF =0 T o] WEs Aol Ao

2 FAH A
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3.2 Mg dol=zHAe] A4en FHYY

o}
=]

%)

3.2.1 Raman ¥% &4 23

Intensity (a.u.)

M
M (b)
R

L 1 1 Y I I

1200 1400 1600 2800 3200 3600
Raman shift (cm™)

a9 3-5. (a) atF9 sPel=2H3=, (b) empty-BTE9] sfo|=2F =,
(c) Mgk slol=2)3=9] ghut B4 54 Ay}



I9 3-5% aT7F, empty-BTEe BTE WEE Stol=g =L gt B4
54 AFoltt. a7x% empty-BTF Sto|E2F =S HluEGlE o 1200
cmolal A9} 1550-1650 cm o] I Tl M= sk =4 Ade oS W
olm oz A+-(Han, 2010)9F #2 Fx4 AolE HJS st 1200
cm o3} M9 AS R o= F oddE Zebd A
BrxoME s vaz vehs A& Fdd = Jon, 1550-1650 cm
o] FFoA = BTl = FolE F YUY A7t a9 FHAMA
Ehd 218 B gl B wEhE Sol=2 7= A9 ol A (Devies,
1971D)E E& wWere 229 C-H symmetric stretching modeol| 4] &<l 7}53k
2837 cm” A9} 2942 em, O-H stretching modeol A1 ¢] 3627 cm™ 3] =7} 1}e}

Pt DEE 3

il
2
o
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3.2.2 in-situ Raman % =4 A%

>
Ly
oy
g7,
-
2
£
M et T * - 300
- "( i i 340 @“\l"
LL“' L"" 380 &'S‘M
SitS YD ———=I& 420 «@@Q
4 Fai 4 F4 F Fi
1000 1500 2000 2500 3000 3500
Raman shift (cm"1}
a7 3-6. &R0 BE WEg Se|sRAliee] A st B4 57 An
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Aotal 7|EAe RSt 1 A4 AdE 19 3-63 o] UEAY. 2=
| = Baka 400 K o] Aol e & WstE BHelskA] E@A T 400 K
B A BE 857 em! 9] A 9 F7heF 1258 emt 9 A 9] 74, 1550-1650 cm '
of a9 WE Il T F AUtk TS Fo|=zF=o T ¥ ofe}
Eeo] 179l 3627 cm ' I A7) 400 K o] Fo] o] 2LoA AletdS 9l
akolth. ol& nh A Flshr] Y& WEge 93 FES st e
T2 et

N
)
o
ol
i
Q2
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Intensity (a.u.)

Ed £ I
3550 3600 3650 3700 40
Raman shift (t:m'1 )

¥ 3-7. £5d| u}
%

A =
=17

2 mehe slol= 2 )=o) AAZF gt
Ay} = 3627cm’ ¥ AL

M
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¥ 3-7& agolA wgko] 0-H stretching modeol ¢ 3627 cm' ¥ =%

S AA3 sty ¢d 2H 3-6°14 XF9 Raman shift

M
Lo
N
N
Er
2
2

3530-3730 cm 744 B-E sk Aoz wekeo] 3627 cm’ ¥ A 300-380 K
7hA 2o gk g WstE HolA| eFA|NE 380-410 K Ake] ] 9 HellA
WA7F FAE] fAachs e & o A E=9 410 K o] $HEe vEee
o 37F FAE A ekgkon o]i= 380 K ©]8}e] 2=ol| = WEE slo]=2i=
el metgo] etgHor solmg2F=o] EHE ] AR 380 K o] F we
go] stol=mF = UelA Fak wAUrbAA] 410 K o] & R whAugk-SS
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Intensity ratio (I, /1,...)

Ling
o

-
[e)]

—
MJ

08

1

,I-I-I-l’-

300

350 400
Temperature (K)

450

0.03

0.02

0.01

0.00

T8 3-8, StolEn = A HgE (3 A4)9 Intensity W] H]al
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= o g3 wstddS syl flstel 17 36049 HEst ARl 3066
em ' A9} WlErS-9] 0-H stretching modeo] <3 3627 cm 'elA] UERL}E
A, 3066 cm '# AL} aTFFAA YERGE EAAH I3 857 cm A9 7
7 A el intensity H]1E ¥ 3-8 YEMTE. 29 3-7°A HEHE
A5 S wEhge] 400 K M52 FAsH w3 s R a9
3-8l A e wWere 9=} 3066 cm ¥ A9t HWE EEAE 410 K o] Mol =]
ghgo]l BT wAUZSS A0 = ddoen, 857 om ¥ =9} 3066 om ¥
Rnoz

i)

~

r?‘:

ES
o vlaol A a7 WEAQ WAl 857 em WAt FA3] A
Hol mErSo] o& BIrEE FASY dto]l=wF o] WErSo] wWAdLrFEA
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Intensity (a.u.)
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415K

410K
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abk SN
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"

400 K

T=380K

I T T T T
1200 1300 1400 1500 1600
Raman shift (cm™)

a7 3-9. pTEY MBS Fo|TRA=e] Lno] mE W Py
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g ag=ZE T st o] ¥, &% W mE HEE ojradi
o] W3lE Felsturt thr)¢t sl 2EE 300 ~ 445 K7HA 9] W ol A
ske] Stol=m A=) 3066 cm W AE o] &3kl BEE] veh)] B A
3627 cm ¥ =7} 380 K o]ate] 2EoAE 2 WEE Holx| tlrb 400 K o
T 24, 410 K ol F A= A& Felekdar 3627 cm W A7F AlEAE B
Aol atRe) dlol=RF=e] 54 ¥ 857 om ¥ Intensity’h
S7teE g stk olE WEE stol=RF|i=o] 7| shell A 380 K
2 BTXY FolERFH=oR WS X5
geo] ByzolA w7k 410 K o] Fell A=
T2 Boletial o 4tk wEkA HE

oo solEEFmor EHT A 380 K o]ste] oA F R A% 7t
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