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Pressure-driven Structural Transition of Hydroquinone
Clathrates

Kim Byeong Soo

Department of Ocean Energy & Resources Engineering
Graduate School of

Korea Maritime University

Abstract

Organic clathrates 1s one of the potential host materials for gas
storage, as they often form stable inclusion compounds with a variety of
guest species over a wide range of temperature and pressure conditions.
It has been reported that organic clathrates are more stable than
clathrate hydrates over a wide range of temperature and pressure
conditions. In this work, hydroquinone(HQ) is selected as a possible
organic material to be used for storing and transporting gas. HQ
clathrate is known to have ability of capturing various molecules while
changing 1its crystal structure from a-form to the B-form at high
pressures. The guest—free, C(O,-loaded, CHs-loaded, Ns—loaded, and
CHsOH-loaded HQ clathrates were synthesized by gas—phase reaction and
recrystallization process. The pressure-driven structural transformation
of clathrate compounds was observed by a diamond anvil cell and Raman
spectroscopy up to pressures of 10 GPa. The CO,-, CHs~, No- and
CHsOH-loaded HQ clathrates transformed into the crystalline a-form HQ at
~5GPa, and recovered to their original B-form HQ clathrates at ambient

condition upon returing pressure. In contrast, the guest-free HQ



clathrate remained the a-form HQ upon decreasing pressure to ambient
condition after its structural transition to the a-form HQ at ~0.25GPa,
indicating that the pressure-induced structural transition of the
guest—free HQ clathrate is completely irreversible. This result provides
a useful guide to determine the stability of structural integrity of

organic clathrate compounds.
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gl o] E(gas hydrate)®} #H&=, slo]==F+=, Diannin's compound®} #°] 7]
o] FAZIEo A A EH= /7] e 2w ol E(organic clathrate) =
U= 5 JdtH(Atwood et al., 1984). x4 IFEE thgs A71e FEE
Zte FEEE olFoxl x5 M o o AV|8 x| wek 2
Ae= AARAY T7 2 Z717F AAEH(Ripmeester et al., 1987;
Udachin and Ripmeester, 1999). Z1L <& 7} Slo|=go|E= AA7FA 7H4 4
g &A= 7HE Al adaelE 24 SEEEA, 7FE stol=y
o|EE A= AARE CHi, CH, €O, 2 Ny, Tol glom, THF 59 #7713
GE G 7t Stol=do]lEe] A #ojsl= Ao ® HaEo] §ltk(Sloan,

7t SolEYolEE wtEE A FEE T

ol

of L= 7k A A7)
o wz} ttE FXE A= 1™ 1-13F o] McMullan and Jeffrey”} 2
Adt sI(McMullan and Jeffrey, 1965), Mak and McMullanZ} 813l sIT(Mak
and McMullan, 1965)¢] thE ¢l %= 7}x &ej9} adamantaned} Zro] A E-z}7}
o vl&] Ezke] A7I7F vlw A Atta & 5 e BA-O] 7hs dlo|EgolE
o] MA (guest)E Foldd ¢ A= sHel 7= o]Folx ArH Ripmeester et
al., 1987).
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T3, frlEe] FAVFEY g4 = 7] AHLUES AS
E

A & e ez 4 hth(Palin and Powell, 1945). JA ¥ ¥E=F
A~ o] E(phenolic clathrate)= 3lo]=dgolES}L w3 7|9 F&F
(average radius 3.95A)< 2ztil lom, ol &= uFo] C0;, CHiy, Ar, Kr
I B2 ALE Aol 23 2 F e AoE deA o, (03 2
F7lEE T WHE s e AAVE 2 5 dve 540l dnt

(Palin and Powell, 1945).
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1.2 3lo|=29 =

stolE2 =g F=dl FAM)7E B2 2SS S8 52 = Quinoleo]ghal
T 5t FERAAO 2= p-tlsto] == A ¥l Al (p-dihydroxybenzene) & 1,4-wlAl
U] & (1,4-benzenediol) el gt W E T, g8h2 o] Cal,(0H).Q1 Ao 44
Fow A 110.11, =4 170.3T, B3 287C, H]S 1.330]W =7
Eolut dgrZ o HE Feole Z 5%, FEde A 54 &= 5
, T8 SAS
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Properties

Molecular Formula Cells(OH)

Molar Mass 110.1 g/maol
Melting Point 445 K(172°C)
Boiling Point 560 K(287C)
Density 1.3 g/cm®
Appearance White solid
Solubility in water 5.9 g/100m(15C)

sol=m = 1945 g=e] ko] wiEZelA  AASAT A=

CH:OH. 3CeH4(OH) oo A Ble] =2 F =2 OHell 9J3t FAdzto = dA4dd 3219 =

Aol Foll wes F27F 28 vke S 2Ad F 25 = (clathratte

compound) ZA] 2] 7hg/d o] A 7] ¥ AT,
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U(Mock et al., 1961). Wb, =4 A3 dAE pB-slo|=2F =0 24
e A 243 0, CHy, CHOH, H, T3 e AA &2 Abe]9] Q1] ¢
d FAHENeH A B-slo|l=RAE FRAE AA BAE ke Hde A
= A= otgdst B-7FE FAT 4 dth(Palin and Powell, 1945; Van
der Walls and Platteeuw, 1959). H3t, B-FZoA 5F9 3y Glojk &%
z7dol o3l 22> AA FAS] o]-so] 7hsstth(Daschbach et al., 2006). 1
211-3 (b)ell open cageZ 7IA&= B-3lol=2F+= FFE YERAY. 1™
A UERd open cageoll Z4A] EAbEo] AiEol B-stol=2d= 24 IgtE
= FAE

stol=2d= X4 e w4 A =22 87l B 24
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2.2 o2 H = A

Age] A48 dlol=2FA=(a-H)S SIGMA-ALDRICHZ B i3k 3l om (=
£ 99%) F7h AAl glol AHgElt. pslolERAE 4 R 2ug AHg
eA stol=R2F=g vhefdo] Yol 242 5 AE o]&dte] 45um ]3]
A7 E 7HAE q-Flo|ERF =S At

B-slolEm A =S A7) Yallx] TgdHES T q-slo|lERH =S da

THIZE ol &ate] 12A13F EF WHETIY R ThAE AR WA HE e
Ak, o]F ¥ 2-1o1M9t o] CH 7FA(5% 99.95%)¢F €0, 7Fa(oX:
99.999%), Ny 7F=(52XE 99.999%) S A} Alejoll A Z+7; 12MPa, 4MPa, 12MPa2)
dEs A WRed 7e dEE o3 GHE o] &ako] 263K 353Ke] =m0l A
ZEZF 1AIE B9 whEAI R oH, b B-slolERF=o R S 9E)A
TAS S oF 308 o] wkES Al5E A&t (Jang er al., 2009;

Lee et al., 2010).
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a-Hydruquinﬂne(~40 pm) Guests molecules
® ®
78 ?1 1 'h %
é ] . . . .
tergts b oeg e,

'Q“'.Q“.‘:‘. ;'I h‘\:

-10C (1 hour) *— , 80°C (1 hour)

Guest load Hydroquinone

O 21 bR Nhe s S shol R i
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0.7 EA ¥ stol=mF =] A th7]dElel ] 298Kell A 398K7HA] ==&
S7HAZIA W, ShelER2F= A agolEe] 2 o7t MAYSIAA (0,
WA U7 A = 378K o] e EolAE a-dfelERFmo R Fx7F HgE
tH(Yoon et al., 2009). o]zlsk Fxwo] AL o]&sle (0,7} EHE 3}ol
ER2F=s 33K 2EAA 20417 Ft FAANOZHA (0,5 AAs Rl
e M stel=EZFA=(empty-B-HQS AIFHE SFQlYh. 1Al CHOHO)
FHY B-dlol=mFA=e o2 A B9E Y] SIGMA-ALDRICHE Bl uj 3l
CH:OH(s= %= 99.9%)0 slol==F =S &7 5 57 o AxAA AZ2A

EIE SRR L RS
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2.3 vt 2347

Hoof o A= dhsfistn X3 oy x| e Ao B stal 9l
= wlol a2 gk 37 (micro-Raman spectroscopy)S A3l Alm #4121
Clolol = ol Al yjito] o}al S =Aa ), 18 2-20] ZHo| AlgH &gk

i

w371 EAE 9 SA AAE UEhd. @89 stel=2 T 2435

AlEE 291K9] 2ol 532mm FS ZHAE NA-YAG @lo]AE ARgste] =4
stlom | dolA o] WS HAAT7] 98] Mitsutoyorte] 21 =754 ¥ (working
distance)E 7FA&= 20¥& HA=E AFE3FSITE. 1800groove/mm?] grating™}
CCD detectorg ©]&3te] dHlolHE 533 S™, exposure time lsec,
Accumulation time 532 AA3te] S/N ratios T7HAA Hul A3 do]
HE 5359, 1 29 A& HERIAT.

X 2. AE

e
o
B

1y
o
EN
)

Experimental Condition

Temperature 291K

Laser Nd-YAG (532nm)
Laser power 150mW

Spectra range 1000~4000cm™
Grating 1800 grooves/nm
Microscope x20
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Olympus
a 10X eyepieces

| | PISpectrometer 4‘:}—['7

M6 ] \\Z\I—I nnd‘.\[—S(.\I—E)

I I 20X Mitutova

Ohjective

Il

C-1s ]
L DAC

N==—1A,
M7
b z
V e IRIS-2
Tr:[;i;ﬂg:f:g! XYZ sample stage Eﬁ

1200g/mm

ELXENCLT 300g/mm

Detecior

{
,

A A
a7 2-2. vpo]lma 2 2wk 37 (micro-Raman spectroscopy): (a) 54

AR, (b) S 574 BA
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2.4 golotz= A

A&l A}gF thololE = ol Al (Diamond Anvil Cell ; DAC)S dET o 2
Ao FERA 400mm AE2 FR(BHJAE Z o Ho|Ed F33 upete] 3
H)S 2t type-l tholopZ= FEl FFAtolo] 150 wiolAE 9] &5 7k |
S Aaste] MaF & Fod Al5E ¥ § FFo fAg vl e ~=a
FE THe=EA ZIAAY dHe dolopm= Al Atolo] Fl Alme] &
GPa®] St=He Whs & A s om 1dH2-30] AREH doloprm= AL

H\
GERRST. thelolEE WAl ) AE7h Wi gEWeE 0~106Pac]:, ¥
0

(1) Cylinder Cell
(2) Piston Cell 5 Rt
(3) Hemispheric carbide

(4) Pressure-transmitting Screw(4x) *
(5) Sample gasket 'r
(6) Diamond anvil E
(7) Sample

8) Rub
View from piston side Eg; Metgl gasket

a9 2-3. sk APE 98 ARSE velols <A
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29tk (Bell and Mao, 1979). AlEd &3tEl FH] ZAA HS ZALsHY
694.2nme] IS 7HF R1Adolet Bl dFAe wgHss ERAR A=535)
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Al 3 AdZEy & B9

3.1 spo| =27 =9 724 W3

a9 318 4R A/ dom Ve £5E stol =2t (0,8 EHD

e p-stol=mAliE, (07 AR W BT solmnied] gy sHEo)

=T
o}
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©
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0
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7+ Az FxAQ xbolE 1160cm ¥ 1600cm*e] #FRF A|ZE glo| A e}
M, €09 £H %% 1380cm 9] 0.¥AE B3l & & Ark. C0.E EHT
& HQelA S A #2e] ol s #4E HuE 93 &
=74 A3 0.8 4T stel=mF|=e] epnt 93¢} oibstets slo]=dolE
o gt ¥ (1271 and 1379 cm D& FASIOE S &4 5 9

al., 2006; Nakano et a/., 1998). Wl &3& 3lo]=2F=9 4% 1160cm <]
AH o M= M7 QAR 1600em ol A &) oFzhe] Pz

o

o,

[

i

A

i F
=

rlI

Foglom, ol £5E SRt 2 Aold molth. (07 EHE 3ol
c2=1 gy 0, 3= A B-FFR9 EAAH 3IE YE =
AL 0= AA FHAAT 7 BFE A= 4 B3E HE 22 UE

7] ol

3.1.2 CHy, CH:OH, N; B-3tol=2F=9] 2hnt ~HEY W3}
CO.B T 2k A =AkQL CHy, NoB 22 AR B-dfol=m F=3p kA
gkg-o] obd A3t WS SHA CHOHS EF T B-sto]==

2~ EHS 18 3-20] JERRSIT.

C0, B-dtol=2F=3 FU3A 1160cm '@ 1600cm™ F-+2] 2k AIZE L
oA B-Txo 5AA FArt FAHJeH, xFHE AA A CH,
CHsOH, Npoll thaiA oheF 2900cm™, 2800~300cm™, 2322cm™ol EHHE A EA}
o] a7k vebwtth. AA EA7F 25 E B-stel=m T =] Ay gt 29 E
Hol ol Fx4 EAL FAFIH, CHF N9 49 slo]=golE Fao X
A gk AZE g3 slel=2E 53 FEd 2HE ghol B8 YE
Wtk
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Intensity (a.u.)

(N,~beta-HQ)

(CH,OH-beta-HQ)
M
L (CH,~beta-HQ)
| | | | |
1000 1500 2000 2500 3000 3500 4000

Raman shift (cm™)

9 3-2. CHy, CH:0H, No7} ¥ slo]|=2F =9 v
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£5@ stol=2AE(a I A 0-9GPacl 2 WSlelA ok 0.5Pa
FEe A TxA WsE BT, w5 sol=zAwe] A¢-

1160cm '] 91A|ellA] 7 7Qe] 937} vpEbH | 1600cm o] 1A A -39

4

e Skl wWE a-lQel EF W 1§ 350 dEhhien, <he st
T FAEAE stelERTEe] 724 54E uEhlE 1160en’ Fo
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