JIAIC[S

COMMUNICATIONS

Published on Web 11/10/2006

Critical Guest Concentration and Complete Tuning Pattern Appearing in the
Binary Clathrate Hydrates

Do-Youn Kim,™ Jeasung Park,’ Jong-won Lee,* John A. Ripmeester,® and Huen Lee*'

Department of Chemical & Biomolecular Engineering, Koreav#uakted Institute of Science and Technology
(KAIST) 373-1, Guseong-dong, Yuseong-gu, Daejeon 305-701, Korea, DepartmentrohEental Engineering,
Kongju National Uniersity, 275 Budae-dong, Cheonan, Chungnam 330-717, Korea, and The Steacie Institute for
Molecular Sciences, National Research Council of Canada, 100 Sussex, Ditawa, Ontario K1A OR6, Canada

Received August 2, 2006; E-mail: h_lee@kaist.ac.kr

Clathrate hydrates constitute a class of inclusion compounds that 512 51264 52

have been implicated as a potential resource in the exploitation of W @ 5%
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recently, hydrogen storage! Clathrate hydrate research can be +

divided broadly into two categories that emphasize either macro- 58ma%
scopic or microscopic approaches. However, these two approaches !

do need to be closely linked for a better understanding of the JK N .o

structures and processes involving both natural phenomena and ] !

hydrates for industrial processes. Even though many investigations !
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teristics of clathrate hydrates, up to now, details on the molecular
scale that concern the less usual properties of clathrate hydrates
remain unknown.

Herein, we report for the first time the existence of a critical

guest concentration (CGC) and establish the complete tuning pattern i l!\

that occurs in the binary hydrates, including water-soluble hydrate ﬁ — ! 0.5 mal%

formers (promoters) and water-insoluble guests, while we already ! 0.05 mol% A'

suggested the concept of tuning phenomenon which could make it i _./:vu i 0.3mal%
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possible to increase the gas storage capacity of binary hydrate in ————— I 5 5
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the previous studies® The f|r§F attgmpt to verify the new features Chermical shift (oprm) Chermical shift (ppm)
of clathrate hydrate compositions is executed on the binary hydrate @ -

o_f C_H4 + THF and mvolves_ a detailed examination of the guest Figure 1. (a)1°C MAS NMR spectra of the Cii+ THF binary hydrates
distribution by spectroscopic methods. THF molecules by them- yanging from 5.6 to 0.05 mol % of THF. At THF concentrations higher
selves form sll hydrate from a completely miscible agueous than 5.6 mol %, the CiHmolecules occupy only the small cages. {}

solution, and in this structure, because of their size, THF molecules MAS NMR spectra of the Cii+ t-BuNH; binary hydrates ranging from
occupy only the large’364 cages. Furthermore, the binary hydrate -6 1© 0-3 mol % oft-BuNH,.
formed by THF and Chlguests also has been identified as an sll
structurg over the.full range of THF to water ratios. During sample The cage occupancy rati(ﬂf"CH /02”c , can be obtained using
preparation in a high-pressure vessel, the temperature and pressure . CHZS.CHy 7= .
" - experimental NMR peak areas in combination with the thermody-
conditions were kept constant at 268 K and 20 bar to avoid any : . i
. namic equation of van der Waals and Platteeuw. The value increases
possible appearance of pure £hydrate. Thus Clishould appear . . . o
. : : continuously until it reaches a maximum at a specific THF
only in the cages of binary sll hydrate over the entire THF . : -
. . - : S concentration of 0.2 mol %. Hereafter, we refer to this unique
concentration range in the specific— T domain used in this study. . - i
. e . concentration as the critical guest concentration (CGC) that becomes
Since the composition of pure THF hydrate is very nearly THF L . .
Lo . apparent when the water-soluble liquid guests are quite dilute in
17H,0, the stoichiometry of THF solutions becomes 5.6 mol %, . .
o . . . the crystalline hydrate lattice. Below the CGC, the amount of
which is the highest host-to-guest ratio for forming a clathrate . .
I . hydrate becomes very small and makes the spectroscopic detection
hydrate. As clearly indicated by the NMR signélshe CH; e
. of the captured gaseous molecules more difficult. Nevertheless, a
molecules occupy only the small cages of the binary hydrate at the ; . . - . o
o : . : more accurate exploration, particularly in the highly dilute liquid
stoichiometric THF concentration. Figure 1a shows the NMR . . . .
v guest region, was attempted for understanding the tuning mechanism
spectra for hydrate samples prepared fro ©5 mol % at 268 more completely. As THF concentrations become lower than the
K and 20 bar. When the THF concentration is lowered below the pietely

S ) : CGC, CH, molecules still occupy small cages but not the large
stoichiometric ratio, the ClHoccupancy of sll large cages becomes cages. Accordinaly. the large cages become quite deficient in CH
possible, showing the tuning behavior of the clathrate composition. ges. 9y 9 9 g n

when THF concentrations approach this low concentration, and
finally CH, molecules are no longer observed to occupy large cages
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below a certain threshold concentration. As shown in Figure 1a,
the CH, peak representing the large cage population disappears
completely at 0.05 mol % of THF. We confirmed that the general
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tuning patterns at two different pressures of 20 and 100 bar are 07
found to be essentially the same, but we note that THF is likely to CroTF
act as a specific inhibitor of sl hydrate in tHis— T domain.

For more definite and comprehensive evidence, we also examined
the binary hydrate of ClH+ tert-butylamine {-BuNH,, (CHz)s-
CNHy) through the structural transitifithet-BuNH; is completely
miscible with water under th, T conditions where the three phases
of binary hydrate (H)t-BuNH; solution (L), and CH gas (V)
coexist. We measured the-H.,,—V phase boundaries to determine
a stable region of the binary hydrate at seveialiINH, concentra-
tions and to identify adequate hydrate-forming routes for sample
preparation. For the CH+ t-BuNH; binary hydrate, thé-BuNH,
molecules only occupied thé%* cages, while Ciimolecules were
included in the % cages, or both86* and 32 cages, depending
on t-BuNH, concentratiorf. From the preliminary macro/micro-
scopic results (see Supporting Information), we may expect that Figure 2. Complete tuning patterns and CGC appearing in the binary CH
the concentration of liquid guest involved in forming the sll binary i THF formed at 20 bar@), CHy + THF formed at 100 bar) and CH

. . - t-BuNH, (W) hydrates at 70 bar.
hydrate plays an important role in the overall composition of

hyo!rate, and also, ::l.l olecules are accommodqteq in cages of The ratio of integral intensities of these peaks was determined to
various types according to the concentration of liquid guest used beldl. = 0.2998, which is close to the ideal stoichiometric ratio
to tune the composition. Therefore, it is necessary to investigate (1/3) of 52 to 5126'2 cage of sl hydrate

th.ftshbeha\tnor of CHl mqle”c utI)eT n tlhg Iom:eo; ti;nf\ﬁ_r: tr?tul):n region So far, we closely checked two binary hydrate systems to identify
\ﬁl) tﬁrﬁiccaf’ses&eg'a y te ow = hmo > t# 2 1N |%utre the CGC existence and guest distributions in cages and found that
» e spectra are snown in the region-et to the overall tuning pattern might be observed in most of the binary

—9 ppm t(.) focus on the QHmo_Iec_uIes that oceupy th_e hydrat_e sll hydrate systems, as shown in Figure 2. The CGC value appears
cages, which provide both qualitative and quantitative information to largely depend on the chemical nature of a liquid guest

such as structur_e type, dlsrt]rlbutlon cf)ftﬁmﬂlegultes, and absolu_teth component participating in the binary hydrate formation. The
cage occupancies in each cage ot tne hydrate. FOWEVer, in epresent experimental findings on the existence of critical guest

predsleggt VMV(;ZKIV&E cused on the ?speually zhgﬁ IenT :Laject(t)_n(_es ted concentration and complete tuning mechanism might be expected
an measurements near and below the anticipated , 5o meaningful contributions to both inclusion chemistry and

CGC. During enclathration, the GH- t-BuNH; binary hydrates a variety of hydrate-based fields. In particular, further research on

maintain ?’” stru_cture, bu_t pure GHhydrate (s) appears as well other complex hydrate structures and organic clathrates is in
and coexists with the binary hydrate. After going through the progress

structural transformation, the basic tuning pattern of the; @H
t-BUNH; binary hydrate is quite similar to that of the GH THF Acknowledgment. This research was performed by the National
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binary hydrate appear to be unique, depending on the chemical ) ) ) )

nature of the participating liquid guest molecules and their Supporting Information Available: Experimental procedure, NMR
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interactions with the host lattices. At 0.85 mol %teBuNH,, less spectroscopic measurement, thermodynamic measurement, and cage
than the CGC, the absolute cage occupancies of @blecules occupancy ratio details. This material is available free of charge via
trapped in small and large cages a.,, = 0.7628 and; ', = the Internet at http://pubs.acs.org.
0.1773, which indicates that ti§',, value drops significantly at
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