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Temperature-Dependent Release of Guest Molecules
and Structural Transformation of Hydroquinone

Clathrates

Park, Jeong Woo

Department of Ocean Energy & Resources Engineering

Graduate School of Korea Maritime University

Abstract

The CO,, CHi, and CO./CHsloaded B-form hydroquinone (HQ)
clathrates were synthesized by the gas phase reaction between a-form
HQ and high pressure gases. Temperature-dependent Raman spectra of
guest-free, COr-loaded, CHj-loaded, and CO,/CHs-loaded B-form HQ
clathrates were measured in the temperature range 300—385K at
increments of 5 K. The CH; molecules rapidly escaped from the [B-form
HQ clathrate in the temperature range 360—380 K, whereas the CO,
molecules were gradually released from the [(-form HQ clathrate
framework in the wide temperature range 300—380 K. It was also found
that both CO, and CH; molecules were rapidly released from the CO,/
CHy-loaded B-form HQ clathrate framework in the temperature range 360
—380 K. However, all of the guest-free and guest-loaded B-form HQ

clathrates were fully converted to the a-form HQ at the same

- vii -



temperature of 385 K. These results demonstrate the strong effect of
temperature on both guest—host interactions and the stability of the

framework structure.

KEY WORDS: hydroquinone; clathrate; Raman spectroscopy; Structural

transformation; guest-host
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111 7}23o] = # o] E (gas hydrate)

rlr
rlo

7 2afol Edo] = exot B AdeolA shagt Bo AR I
g 1A g, AR A Sk B A gbe] o A
2 P49% 334 A4 722 F4sd] glon, A4 T2 el W 3
5 Ae slapaA) et Aol opd 2
How AP Holth. mep AL - A AeeliE B3 spaw 2eiH, 1
m’ 7} Fpol=g ol E ¢tol= oF 170 m® 9] 7txrt dfEo] 7] W &
S BolW 2 un Brty A ¥ ‘Bete deow wdUn,

Fig. 1.1 Photography of gas hydrate

7} dtolEH ol E] A FFE Jeffrey’t AHE HEHo] o nmE F
719tk (Jeffrey, 1984) 532 F3-2 5% 5% 5% 5%°, 4%5%°°] glomn, o
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Table 1 Structural characteristics of gas hydrate

Hydrate crystal

sl slI sH
structure
Crystal type cubic cubic hexagonal
Lattice
a=1.293 a=1.731 a=1.226, ¢=1.017
parameters(nm)
Cavity small large small large small | medium | large
Cavity type 52 5%6° ol 5%* 52 45%° | 5%°
Number of
. 2 6 16 8 3 2 1
Cavities

Average cavit
& Y 0.391 0.433 0.3902 0.4683 0.391 0.406 0.571

radius(nm)
Coordination
20 24 20 28 20 20 36
number?®
Number of
water
46 136 34

molecules in

the unit cell

Ideal

ton® 6X - 2Y - 46H,O | 8X - 16Y - 136H,O 1X - 3Y - 2Z - 34H,0
composition

a. Number of Oxygen at the periphery of each cavity
b. X and Y refer to large voids and 12-hedra, respectively;
Z indicates 4°5°° the cavity.
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Fig. 1.2 Crystalline lattice of gas hydrate, sl.
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AE Xray 3d B4% A= Q& WAtk 136719 & BAUF 5P5F 16
Net 5%6* 5 F 671 E YA AAHAFEHE 7HAH, FLAFY Zol= 0277
nmo A 0.812 nm 7 0.59 nm ~ 0.69
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Fig. 1.3 Crystalline lattice of gas hydrate, sll.



slo]=Ho]E sH %% 19871 Ripmeester 5ol 23] wWEAo] S 2 4ta)
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Fig. 1.4 Crystalline lattice of gas hydrate, sH.



11.2 3}°]EEF 3= (hydroquinone)

p-tl3to] =S A Wl 3l (p-dihydroxybenzene), 1,4-#14T]&(1,4-benzendiol) &
FA=(quinole)olgt £l slo]lE2F=L HesRd &t BEFES /F7IEEA,
A & dgep XA sto] =57 F JN7F ol TR 3o
CeHy(OH) 01tk StolE2 =2 19451 F=9] do] mghEolAx ZAASAZ
Azl A sto]=EA 7] o3t FAaAF o R AAH 32U AAFZE Yol wE
= TAVF 28 due As AT H ZAHIIEEA ThsAdel AVl HU
il,(Palin & Powell, 1947; Palin & Powell, 1948) Table 2+ 3}o|E=F =9 &
g3ed AdS A AR APS 23 Qo] 72AEE LA

Table 2 Chemicophysical properties of hydroquinone

Properties
Molecular Formula CeH4(OH),
Molar Mass 110.1 g/maol
Boiling Point 560 K(2877)
Melting Point 445 K(172°7C)
Density 1.3 g/cm’
Appearance White solid
Solubility in water 5.9 g/100me(15C)

Fig. 15 (a) €% a-form O|E2F] =] F2E YEPA A2 F237 o
714l A QtASta, F4A% e ZE o]F oA double helices®t 7+He = =2
TAEY o, & dgS AL Al He oy Ne 22 &2 AAEAES
7V o ATh(Atwood, et al., 1984; Mock, et al, 1961; Yoon, et al., 2009) £
form StolEEF = AATEE FA EAeE AA EA Abeld] Rig| =~
ol o3 Qlgo] Z8-H ™ (van der Waals & Platteeuw, 1959), B-form slo]=
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Fig. 1.5 Hydrogen-bond of hydroquinone (a) a-hydroquinone
(b) B-hydroquinone
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A2 AdFH "2 T

21 SO =2F = A

Ao AHEH Slo]|EEFH =2 Sigma-Aldrich Co.ZEHH TUZ A= &
99 %& F7HAQ AeAES ARA @ APl ARIALL, BE V=
T 99 % ©]’4] Headong Gas Co.AHe] AFE ©]&3tATE B-form 3to] =2
=0 44 2 2% wsld mE A4S At slolE2F=S vl ¥
of #A4 &2 5 AE ol&3t 50 um °]ste] YA=A7|E 7= aform B}
tEHA=S A B-olERmFme T felA astRkETlel a-3fol=
e 91 AFFZE o] gt 24Nt < W bR Tt E AAS
A

y oz
TSIt ©]% CH, 7h(#E 99.95 %)%+ CO 7%( = 99.999
15

rr
A

%S &< Aol 27zt 8 MPa, 4 MPaol +E e A
g o] &3l 263 K} 353 Ko %ol zH7} 1/\]

e 4

T CO;gas (AMPa) W — Guest-loaded

@) CH, gas (8MPa)

HQ clathrate

CH,(OH), b

263 K

Fig. 2.1 Synthesize of hydroquinone
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Pl s FAs7] i =9 dHxdo] &olt uhitErE o
S3tA Tk wFET1e] WH &7 60 cm® ©]H, ¥Hgr]e AHLE 2HRIF A 2~
g AdE ARt B4 S WA AT, E3F Bform ol EEF = A A B
2% gt 20 A7) 918t 15 Mpad] ¢ES A2 F A=F AFE;
Ko, 7k2ef FA-MES fI7 WEVE AREH Ad.

2.3 High resolution Powder X-ray diffraction

231 4@4d
SAAgo] TA St FFol A XA 3 A, A M 6, 1Al AR d
Abolodl= B ()3 22 JAZF AHEH-
2d ® sin=n\ (1)

|83 #AH 42 Bragg 2lelek ¥2r, 54 XHol vdehie dAZ o7t 3
AW AE 714 47} AAET 9urAo s XA 3 HHo| #BIALE Q

A A Aol olf= Zt= 0RTE ZAA9] Z|stetA <l mMAE & WYt
T 2= 207} AHEHAL itk 2ARE XA sl tid 20-d tixEVE T8
A oA, o] BERH AW 44 dE & 7 Aok EAF AEE AL
=8 XA A= 2 dxke] wide] AR EAEtY o8 JHA] AR HA
o Aol Yehdth A XA RS dLHom WSATIEA I XA
o A=E 7I5sd & E40 A vaziy 5S4 dds de 5+ 3

232 AgAY L B

2 AFoA = Fig. 2.29 RigakuAte] SmartLab.& ©]§3le] 3to]| =27 =9
TZ2E 4384 Xray diffraction®] wavelength+ 1.54056 A ©]™, step size
£ 0.02 °, step time> 3%= 3} 5 - 45 ° W99 A5 A HEHE A}
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A th Phase 21 S 984 CMPR Z&1HL olgatgom, Az A4 5 A
F2Q1 AR EL2 EXPGUI H7|AE AHEste] & 5313{th(Toby, 2001; Toby,
2005)

Fig. 2.2 Smartlab. high resolution powder X-ray diffraction
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2.4 Raman spectroscopy

241 AL

No] ofdl WAL BT w) We| ARE FAH| WY WFOoE AP
A we Adel UAE AT T QU= AR Ad Re] i

o AAY g2 dUuAE 7 A9 Ao Fig. 2.30 WEbd whel o] 4h
g 9 T A dUAE Iz FAstEA 84 ddEe dAe ddd
4AHgE (Rayleigh scattering)olet 3t} AlUAE AAY dOoWA HIGA AE
© 3AS GRF 4 (Raman scattering)ol 2kal st SRbibere 252 4F
@3} (Stokes scattering) ¥ FE]-225F2 4Heh (Anti-stokes scattering) ©2 U}
Ao JAE FLEG oAUAE Qo] I e Ho] AEEHE As A5~
AFet (Stokes scattering), ANUAE Aal Z& 9o "lo] 4tahEE= S <HH-
P

2~ 4k (Anti-stokes scattering) ©]2}al {+t}

/ Stokes scattering

- Rayleigh scattering

\ Anti-Stokes scattering

r

Lase I

Fig. 2.3 Species of Raman scattering
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Fig. 2.4 Schematic diagram of Raman scattering
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Table 3 Experimental condition of Raman spectroscopy

Experimental Condition

Temperature 291K
Laser Nd-YAG (532nm)
Laser power 150mW
Spectra range 1000~4000cm™
Grating 1800 grooves/nm
Microscope x20
2 ATl = 532 nme] #Ho]A e} 1800 grooves/nme] grating= Ab-8-3h¢]
= Eols& 7FAE 1000-3200 cm Abole] 2Rt M AESS ST =G

S/N ratio®] F7F& #13ll Exposure time 0.9%, Accumulation time 103 =
AAste] 77 KEE 873 K7HA 24do] 7153 &5 x4 2H o] =2l THMS600
RdS o]gste] 300 KollAl 385 K7HAl 255 5 K8 Azl $ 1083 <
AATI= A oRE A4S AT
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Fig. 2.5 Raman spectroscopy
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Fig. 3.1 Powder X-ray diffraction patterns of hydroquinone compounds : (A)
a-form hydroquinone; (B) guest-free 3-form hydroquinone; (C) CHs-loaded
B-form hydroquinone; (D) CO»-loaded B-form hydroquinone; (E)
CO,/CHy-loaded B-form hydroquinone
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N
2
Lo
Ay
f

71&o) olu] ¥&Z a-form SOl EZHE=LS 43 A Qtof 5470

7)

o] BA=H A R3 FUToE AASE 3, AAETE a = 3846 A,

c= 5650 A o]t} o] "3 B-form FO|EEFA =L R3 ZITOE a = 16.65

A, c= 5453 ACE N2 Fx= ¥Hid Zo] #&exth(Sloan & Koh,
_Q

2008; Boeyens & Pretorius, 1977) Figure. 3.1 & 3}°|=27] =2 powder XRD
pattern< YEPH ZOZ qform SFO|=EEF| =3} CO, CH; 183 CO,/CH,
@7t WS AZ Bform SOl E2F =S YERA Zlo|th o7]dA FH=
+ A& guestfree B-form SHO|EEF =] A9 HIF AR Fx Qb JtAE
AT, 7k=el o] Ve 547 7=V A H el XRD patternol A
guest-free B-form 3}o]EZF=0] guest-loaded B-form slo]EEF =3 FAS
TES Uelll= 2l FAg & Uk
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3.2 Raman 3% &4

321 Raman 3% &34 A3}

rs

Intensity (a.u.)

1200 1400 1600 ”1 3000
Raman shift (cm™)

Fig. 3.2 Raman spectra of hydroquinone compounds : (A) a-form
hydroquinone; (B) guest-free B-form hydroquinone; (C) CHs-loaded B-form
hydroquinone; (D) CO;-loaded B-form hydroquinone; (E) CO,/CHs-loaded

B-form hydroquinone
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gt B33 Slo|lm2H = T2 ot ARERE olygt AA Y A
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Ae st Fa3z2 Yeide AS 80T 4 der, 1600 cm'E H A 9] a
formS Al ZHE ZAHZ peak F 7HH| peake] UHA Fo HlF Mol
FoleZE AL T  Ade W B-formol A= 7HEHl peak7t ¥ F 9

peak® T &R olgfo] X&) Uthe AL G)AFoEA F2FH Wo] FFE
#AFE 4 vk (Nam, at al, 2012) Ao A3 FHE vp7IA 2 peake] 4
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1380 cm' @Yol A peak7t UERFE Z1s 1T + AT CHY AtolE

Lo

[e)

o
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Fig. 3.5 Raman spectra of hydroquinone clathrates containing CO, molecules
encaged in the hydroquinone clathrate framework in the temperature range
300-385 K.
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